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A B S T R A C T : A m i n o c h r o n o l o g i c a l a n d am inos t ra t i g raph i ca l m e t h o d s h a v e b e e n used to s tudy the 
Q u a t e r n a r y a e o l i a n depos i t s f r o m the is lands l oca ted east of t he C a n a r y A r c h i p e l a g o (Fue r teven tu ra 
a n d L a n z a r o t e is lands a n d L a G r a c i o s a , M o n t a n a C l a r a a n d A l e g r a n z a islets). T h e ex tent of r a c e m i s a -
t i on /ep imer i sa t i on of four a m i n o a c i d s ( i s o l e u c i n e , aspar t i c a c i d , p h e n y l a l a n i n e a n d g l u t a m i c ac id ) 
w a s m e a s u r e d in l and snai l shel ls of t he g e n u s Theba. T h e a g e c a l c u l a t i o n a lgo r i thms of t hese a m i n o 
a c i d s h a v e b e e n d e t e r m i n e d to pe rm i t t he n u m e r i c a l da t i ng of t hese depos i ts . E igh t A m i n o z o n e s , e a c h 
de f i n i ng d u n e / p a l a e o s o l - f o r m a t i o n e p i s o d e s , h a v e b e e n d is t i ngu ished a n d da ted at 4 8 . 6 ± 6 . 4 , 
4 2 . 5 ± 6 . 0 , 37 .8 ± 4 . 6 , 29 .4 ± 4 . 8 , 22 .4 ± 4 . 5 , 14.9 ± 3 .6 , 11 .0 ± 4 . 0 a n d 5.4 ± 1.1 ka B P , t h e first f i ve 
of t h e m de f i n i ng c y c l e s of 5 - 7 ka. 
T h e a l te rna t ion of p a l a e o s o l s a n d a e o l i a n depos i t s , w h i c h a r e re la ted to ab rup t t rans i t ions f rom 
h u m i d to a r id c o n d i t i o n s , a r e t he re f lec t ion of g l o b a l l y i n d u c e d c h a n g e s in N o r t h A f r i c a p a l a e o e n v i r -
o n m e n t a l c o n d i t i o n s l inked to t he ef fect of A f r i c a n p a l a e o m o n s o o n s o n the t rade w i n d s a n d the 
S a h a r a n A i r L a y e r . P r o b a b l y t hese a e o l i a n c y c l e s , w i t h a r e c u r r e n c e n e r i o d of 5 - 7 ka . a re t he exp res ­
s ion of mu l t i p les of t he ~ 2 . 4 ka s o l a r - c y c l e 
Introduction w i t h a e o l i a n depos i t s (dunes) o c c u r (F ig . 2 ) , p r o v i d i n g p a l a e o -
c l i m a t i c i n f o rma t i on , i.e. t h e y represent t he a l te rna t ion of 
h u m i d a n d ar id e p i s o d e s ( P e t i t - M a i r e ef a / . , 1 9 8 6 , 1987 ; 
F u e r t e v e n t u r a a n d L a n z a r o t e i s lands a n d L a G r a c i o s a , M o n t a n a R o g n o n a n d C o u d e - G a u s s e n , 1 9 8 8 , 1 9 9 6 a ; D a m n a t i ef a / . , 
C l a r a a n d A l e g r a n z a islets (nor th of L a n z a r o t e Is land) a re 1 9 9 6 ; D a m n a t i , 1 9 9 7 ; Cas t i l l o ef a / . , 2002 ) . 
l oca ted in t he east part of t h e C a n a r y A r c h i p e l a g o (F ig . 1) , A c c o r d i n g to D a m n a t i ef a / . (1996) a n d D a m n a t i ( 1997 ) , the 
a b o u t 100 k m off t h e coas t of A f r i ca . T h e y a re c h a r a c t e r i s e d a e o l i a n depos i t s cons is t m a i n l y of c a r b o n a t e s a n d s , w h i l e the 
by an ar id c l i m a t e ( a n n u a l ra infa l l is c a . 100 m m ) a n d t h e y p a l a e o s o l s a re d o m i n a t e d by lut i tes. T h e c l a y m i n e r a l o g y sug-
are c o n s i d e r e d to be t h e w e s t e r n ou tpos t of t he S a h a r a n Z o n e . gests a n a l l o c h t h o n o u s or ig in to that part of t he sed imen ts 
Th is A r c h i p e l a g o is l oca ted in a reg ion of s t rong in te rac t ion re la ted to dust t ranspor t f r om the w e s t e r n S a h a r a Deser t , 
b e t w e e n a t m o s p h e r i c a n d o c e a n c i r c u l a t i o n sys tems. T h e P r e v i o u s studies h a v e s h o w n that s o m e of t he a e o l i a n depos i ts 
ma jo r s o u r c e of te r r igenous sed imen ts is t he t rade w i n d s , w h i c h f r o m F u e r t e v e n t u r a a n d L a n z a r o t e Is lands h a v e b e e n 
d r i v e seasona l coas ta l u p w e l l i n g , a n d t h e dust s torms f rom the a c c u m u l a t e d du r i ng M I S 1 a n d 3 ( P e t i t - M a i r e ef a / . , 1 9 8 6 ; 
n e i g h b o u r i n g S a h a r a Deser t . H i l l a i r e - M a r c e l ef a / . , 1 9 9 5 ; D a m n a t i ef a / . , 1 9 9 6 ; D e L a N u e z 
T h e s e is lands a n d islets a re c o m p o s e d of a va r i e t y of mos t l y ef a / . , 1997 ; M e c o ef a / . , 1 997 ) . T h e s e d u n e - f o r m a t i o n s c o n t a i n 
v o l c a n i c rocks . L i k e w i s e , Q u a t e r n a r y p a l a e o s o l s i n t e rbedded a b u n d a n t r e m a i n s of land sna i ls (F ig . 2) a n d ve r teb ra tes , s o m e 
of t h e m ex t inc t ( M i c h a u x ef a / . , 1 9 9 1 ; B o y e ef a / . , 1 9 9 2 ; 
Cas t i l l o ef a / . , 1996 ) , as w e l l as a b u n d a n t i chnofoss i ls 
(F ig . 2 ) , m a i n l y p r o d u c e d b y h y m e n o p t e r s (E l l i s a n d E l l i s -
A d a m , 1 9 9 3 ; E d w a r d s a n d M e c o , 2 0 0 0 ; A l o n s o - Z a r z a a n d 
Figure 1 Geographical location and geology of Fuerteventura and Lanzarote islands and La Graciosa, Montana Clara and Alegranza islets with the 
situation of the stratigraphic sections in circles (modified from Ancochea etal., 1996; 2004): (1) Barranco de los Encantados (FBE) , (2) Montana de la 
Costilla ( F M C ) , (3) Barranco del Pecenescal ( F B P ) , (4) Atalayeja Grande ( F A G ) , (5) Montana Azufra (FMA) , (6) Hueso del Cabal lo ( F H C ) , (7) Ma la 
(LMA) , (8) Loma de San Andres (LLA), (9) Tao (LTA), (10) Morros Negros ( G M N ) , (11) Caleta del Sebo ( G C S ) , (12) L a C o c i n a ( G L C ) , (13) Caleta de 
Guzman ( M C G ) , (14) Montana Lobos (AML) . Other sections cited in the text are also indicated in the figure (in squares): Jandia (A), Pozo Negro (B) , 
Corralejo (C), Teguise (D) . Rosa Negra section is also cal led Montana de la Costilla (2) 
S i l v a , 2002 ) a n d co leop te r s ( G e n i s e a n d E d w a r d s , 2 0 0 3 ) . H i g h f i rs t -order - revers ib le c h e m i c a l r e a c t i o n , w h i c h is g e n u s - a n d 
deg rees of spec ies d ivers i t y a n d e n d e m i c i t y ( Y a n e s ef a / . , t e m p e r a t u r e - d e p e n d e n t . 
2004 ) c h a r a c t e r i s e t h e land snai l a s s e m b l a g e s . H o w e v e r , g e o - A m i n o a c i d r a c e m i s a t i o n da t i ng has b e e n success fu l l y used 
c h r o n o l o g i c a l s tudies of t hese depos i t s a re s c a r c e a n d u n c o n - for t he co r re la t i on a n d da t i ng of aeo l i an i t es f r o m di f ferent a reas 
n e c t e d . a r o u n d the w o r l d , s u c h as M a d e i r a ( G o o d f r i e n d etal., 1996) , 
A m o n g the d i f ferent da t i ng m e t h o d s a p p l i e d , a m i n o a c i d B a h a m a s ( K i n d l e r a n d H e a r t y , 1 9 9 5 ; H e a r t y ef a / . , 1999) , 
r a c e m i s a t i o n has b e c o m e i nc reas ing l y c o m m o n . T h e m e t h o d B e r m u d a ( V a c h e r ef a / . , 1995 ) , i s lands c l o s e to Aus t ra l i a 
is b a s e d o n the fac t that l i v ing o r g a n i s m s c o n t a i n o n l y L - a m i n o ( M u r r a y - W a l l a c e etal., 2 0 0 1 , B r o o k e etal., 2 0 0 3 ; H e a r t y , 
a c i d s w h i c h g r a d u a l l y r a c e m i s e (ep imer i se ) into D - a m i n o a c i d s 2003 ) a n d the H a w a i i a n is lands ( H e a r t y etal., 2 0 0 0 ) . Th is 
after d e a t h . T h u s , t he D / L rat io i nc reases w i t h t i m e after d e a t h m e t h o d offers seve ra l a d v a n t a g e s c o m p a r e d to o ther da t i ng 
unti l it is e q u a l to 1 (1 .3 for i s o l e u c i n e ) , that is, w h e n e q u i l i - m e t h o d s : o n l y a sma l l s a m p l e is necessa ry for a s ing le ana l ys i s 
b r i u m is r e a c h e d . T h e r a c e m i s a t i o n / e p i m e r i s a t i o n p rocess is a ( 2 0 - 6 0 mg) , d i f ferent k inds of s a m p l e s a re su i tab le , i n c l u d i n g 
Figure 2 Photographs of the Canary Islands aeolian/palaeosol sequences. A : aerial v iew of Montana Clara (front) and La Graciosa (rear) islets, com­
posed of volcanic rocks. B : Upper part of the Ma la stratigraphic section, Lanzarote Island ( L M A ) , where palaeosols (P) interbedded with aeolian depos­
its (dunes-D) appear. C : Lower part of Morros Negros stratigraphic section, with palaeosols (P) and dune deposits (D) . D: Land snail shells and insect 
nests from bed G C S - 1 (the scale is in cm). E: M idd le part of Barranco de los Encantados section, Fuerteventura Island (FBE) , with aeolian deposits (D) 
and palaeosols (P) . F: Lag deposit of land snail shells, consisting mostly in Theba geminata, from bed G C S - 2 (grid size is 1 m 2 ) . Sampled horizons are 
marked in the photographs 
m o l l u s c she l l s , a n d the m e t h o d c a n b e used b e y o n d the range T h e a i m of th is p a p e r is to d e f i n e , co r re la te a n d d a t e the 
of r a d i o c a r b o n a n d par t ia l l y b e y o n d that of U / T h . G a s t r o p o d d i f ferent a e o l i a n e p i s o d e s bui l t up o n the F u e r t e v e n t u r a a n d 
shel ls a re pa r t i cu la r l y useful for a m i n o a c i d r a c e m i s a t i o n / e p i - L a n z a r o t e is lands a n d L a G r a c i o s a , M o n t a n a C l a r a a n d 
mer i sa t ion da t i ng , as the i r n o n - p o r o u s shel l s t ructure m i n i m i s e s A l e g r a n z a islets t h rough a m i n o a c i d r a c e m i s a t i o n ana l ys i s of 
c o n t a m i n a t i o n ( H a r e a n d M i t te re r , 1968) . T h u s , it has b e e n fossi l l and sna i ls . W e h a v e se lec ted she l ls b e l o n g i n g to the 
successfu l ly used for the da t ing of gast ropod shel ls ( G o o d f r i e n d , g e n u s Theba. B e c a u s e t h e a m i n o a c i d r a c e m i s a t i o n is not a 
1987a, 1 9 9 1 , 1992 ; G o o d f r i e n d a n d Mi t terer , 1988 ; M e y e r , n u m e r i c a l da t i ng m e t h o d in i so la t ion , it n e e d s to be c a l i b r a t e d , 
1992 ; Torres etal., 1997 ; O r t i z etal., 2 0 0 2 ; B r o o k e etal., 2003) . m a i n l y by r a d i o m e t r i c da t i ng m e t h o d s . In this p a p e r , t he age 
c a l c u l a t i o n a lgo r i thms for four a m i n o a c i d s ( i s o l e u c i n e , aspar - L a n z a r o t e Is land is t he s e c o n d o ldes t i s land of t he C a n a r y 
t ic a c i d , p h e n y l a l a n i n e a n d g l u t a m i c a c i d ) w i l l b e es tab l i shed A r c h i p e l a g o , w i t h a n a r e a of 833 k m 2 a n d a h ighest e l e v a t i o n 
us ing s a m p l e s p r e v i o u s l y d a t e d b y r a d i o c a r b o n ( D e L a N u e z of 6 7 0 m a . s . l . ( R i s c o s d e F a m a r a ) . M i o c e n e to H o l o c e n e age 
ef a / . , 1997) as w e l l as n e w da t ings s h o w n in this pape r . v o l c a n i c mate r ia l s a re c o m m o n l y f o u n d he re ( C a r r a c e d o a n d 
O u r results w i l l b e c o m p a r e d w i t h o thers p r e v i o u s l y p u b l i s h e d R o d r f g u e z , 1 9 9 3 ; C o e l l o etal., 1992) . A e o l i a n depos i t s are 
in o rde r to es tab l ish the s t ra t ig raph ica l f r a m e w o r k of t hese o b s e r v e d o n l y ac ross the nor th par t of t he i s land a n d h a v e b e e n 
a e o l i a n depos i ts . F i n a l l y , the i r p a l a e o c l i m a t i c s i gn i f i cance w i l l s tud ied (F igs 1 a n d 4 ; T a b l e 1): M a l a ( L M A ) , L o m a d e S a n 
be d i s c u s s e d . A n d r e s ( L L A ) a n d T a o ( L T A ) . 
T h e C h i n i j o A r c h i p e l a g o is l oca ted nor th of L a n z a r o t e Is land 
a n d c o m p r i s e s La G r a c i o s a , M o n t a n a C l a r a a n d A l e g r a n z a 
islets (F ig . 1). T h e s e islets a re c o m p o s e d of L o w e r P l e i s t o c e n e 
Geographical location and geological Context a n d U p p e r P l e i s t o c e n e - H o l o c e n e v o l c a n i c s e q u e n c e s , m a d e 
of c i n d e r c o n e s a n d h y d r o m a g m a t i c cen t res o n a f lat p la t fo rm 
(Fuster etal., 1968 ; Q u e s a d a etal., 1992) . La G r a c i o s a is t he 
Fuer teventura a n d Lanzaro te is lands a n d the C h i n i j o b iggest islet (27 k m 2 ) w h e r e the o ldes t v o l c a n i c rocks a p p e a r 
A r c h i p e l a g o ( L a G r a c i o s a , M o n t a n a C l a r a a n d A l e g r a n z a islets) b e l o w m o r e t h a n 1 m of fossi l b e a c h (Ser ies III of Fuster ef a / . , 
are t he eas te rnmos t i s lands of t he C a n a r y A r c h i p e l a g o . T h e y 1968) . Its mos t impor tan t g e o m o r p h o l o g i c a l fea tu re is the 
cons is t of v o l c a n i c rocks e rup ted in th ree m a i n c y c l e s ( C o e l l o d e v e l o p m e n t of ' j a b l e ' ( D e L a N u e z etal., 1997) . T h r e e a e o l i a n 
ef a / . , 1992) : t he first o n e w a s of s u b m a r i n e c h a r a c t e r w i t h local i t ies h a v e b e e n studied a n d s a m p l e d (Figs 1 a n d 5 ; T a b l e 1): 
h y p e r a b y s s a l roots (p lu tons a n d dykes ) w i t h s u c c e s s i v e subaer - M o r r o s N e g r o s ( G M N ) , C a l e t a de l S e b o ( G C S ) a n d L a C o c i n a 
ial g r o w t h ( A n c o c h e a ef a / . , 1996 ) , a n d is c a l l e d the ' B a s a l ( G L C ) s t ra t ig raph ic sec t ions . 
C o m p l e x ' a c c u m u l a t i o n ; t he s e c o n d o n e p r o d u c e d subae r ia l M o n t a n a C l a r a is t he smal les t islet (1 .1 k m 2 ) . It is m a d e up of 
f l o w s d u r i n g the M i o c e n e ( 2 0 - 1 2 M a ) , a l t hough v o l c a n i c U p p e r P l e i s t o c e n e a n d H o l o c e n e v o l c a n i c depos i t s (Fuster 
ac t i v i t y p r e v a i l e d in L a n z a r o t e Is land unti l 5 M a ; a n d f ina l l y , ef a / . , 1 9 6 8 ; D e L a N u e z ef a / . , 1997) . T h e n o n - v o l c a n i c 
after a pe r i od of v o l c a n i c inac t i v i t y a n d e r o s i o n , a n o t h e r Q u a t e r n a r y depos i t s cons is t of ta lus debr i s a n d d u n e s c o n t a i n -
e p i s o d e of subaer ia l e rup t i ons ( m o r e l imi ted t h a n the p r e v i o u s ing a b u n d a n t l and snai l she l ls a n d h y m e n o p t e r nests. T h e 
o n e ) t ook p l a c e ( P l i o c e n e - P l e i s t o c e n e - H o l o c e n e ) . T h e s e bes t -exposed a e o l i a n depos i t s b e l o n g to t he C a l e t a d e G u z m a n 
is lands a n d islets f o r m part of t he s a m e insu la r shelf . sec t i on ( M C G ) (F igs 1 a n d 5 ; T a b l e 1). 
A n impor tan t g e o m o r p h o l o g i c a l fea ture is t he d e v e l o p m e n t A l e g r a n z a is t he c ragg ies t islet a n d , t he re fo re , t he ' j a b l e ' is 
of ' j a b l e ' ( in l oca l t e r m i n o l o g y ) , w h i c h consis ts of a e o l i a n less d e v e l o p e d t h a n o n the o ther islets. T h e M o n t a n a L o b o s s e c -
depos i ts m a d e of ma r i ne -o r i g i n b ioc las t i c s a n d , in s o m e cases t i on ( A M L ) (F igs 1 a n d 5 ; T a b l e 1) has b e e n s tud ied a n d 
c o v e r i n g w i d e a reas , s u c h as o n F u e r t e v e n t u r a Is land a n d L a s a m p l e d . O n l y a th in p a l a e o s o l has b e e n o b s e r v e d at t he top 
G r a c i o s a Islet ( F i g . 1). M a n y s t ra t igraphic sec t ions h a v e b e e n of t he s e c t i o n , b e i n g c a p p e d b y p y r o c l a s t i c mate r ia l s f rom 
s tud ied a n d s a m p l e d ( F i g . 1 ; T a b l e 1). E a c h sec t ion w a s n a m e d recen t v o l c a n i c e rup t i ons of ' L a C a l d e r a ' (F ig . 5) . 
us ing th ree letters a c c o r d i n g to t he is land/ is le t o n w h i c h it is 
l oca ted a n d t h e ini t ia l letters of t h e s e c t i o n , e .g . M o r r o s N e g r o s 
( L a G r a c i o s a Islet) is n a m e d G M N . 
F u e r t e v e n t u r a Is land is 1 6 6 2 k m 2 , w i t h its m a j o r p e a k ( Z a r z a Material and methods 
peak ) r e a c h i n g 8 0 7 m a.s . l . It is t he o ldes t i s land of t he C a n a r y 
A r c h i p e l a g o a n d o n e of t he f e w w h e r e the ' B a s a l C o m p l e x ' 
mater ia ls c rop ou t ( C o e l l o ef a / . , 1 9 9 2 ; A n c o c h e a ef a / . , Amino acid racemisation 
1996) . V o l c a n i c rocks e r u p t e d d u r i n g t h e M i o c e n e together 
w i t h basal ts d a t e d at P l i o c e n e , P l e i s t o c e n e a n d H o l o c e n e a lso For a m i n o a c i d r a c e m i s a t i o n da t i ng pu rposes s a m p l e s w e r e 
a p p e a r . S i x s t ra t igraphic a e o l i a n sec t ions h a v e b e e n s tud ied c o l l e c t e d w i t h g l o v e s a n d t w e e z e r s , e x c a v a t i n g 3 0 - 5 0 c m d e e p 
a n d s a m p l e d (F igs 1 a n d 3 ; T a b l e 1): B a r r a n c o d e los E n c a n t a - ho les to a v o i d su r face c o n t a m i n a t i o n a n d m i n i m i s e the inf lu-
d o s ( F B E ) , M o n t a h a d e l a C o s t i l l a ( F M C ) , B a r r a n c o de l P e c e n e s - e n c e of a i r t e m p e r a t u r e . T h e s a m p l e d ho r i zons a re i nd i ca ted 
c a l ( F B P ) , A t a l a y e j a G r a n d e ( F A G ) , M o n t a n a A z u f r a ( F M A ) , a n d for e a c h s t ra t ig raph ic sec t ion a c c o r d i n g to F igs 3 to 5 a n d 
H u e s o de l C a b a l l o ( F H C ) . T a b l e 4 . A total n u m b e r of 2 3 7 H e l i c i d a e s a m p l e s w e r e 
Table 1 Geographical location of the sections 
Island Islet Section Nomenclature Longitude Latitude Elevation (m) 
Barranco de Encantados FBE 28° 38' 12" N 13° 59' 4 " W 153 
Montana de la Costilla F M C 28° 4 1 ' 16" N 13° 58' 9" W 55 
Fuerteventu ra Barranco del Pecenescal FBP 28° 7' 4 2 " N 14° 16' 49" W 95 
Atalayeja Grande F A G 28° 8' 53 " N 14° 17' 18" W 237 
Montana Azufra F M A 28° 5' 4 1 " N 14° 27' 52 " W 90 
Hueso del Cabal lo F H C 28° 10' 17" N 14° 14' 33 " W 100 
Lomo de San Andres LLA 29° 2 ' 12" N 13° 36' 48" W 280 
Lanzarote Tao LTA 29° 2 ' 36" N 13° 36' 5 1 " W 247 
Mala L M A 29° 5' 4 3 " N 13° 27' 38" W 25 
Morros Negros G M N 29° 15' 2 2 " N 13° 29' 16" W 10 
La Graciosa Caleta del Sebo G C S 29° 13' 38" N 13° 30' 12" W 2 
La Cocina G L C 29° 13' 8" N 13° 32 ' 6" W 25 
Montana Clara Caleta de Guzman M C G 29° 16' 35 " N 13° 3 1 ' 46" W 3 
Alegranza Montana Lobos A M L 29° 23 ' 20" N 13° 30' 10" W 30 

a n a l y s e d , b e l o n g i n g to Theba geminata ( M o u s s o n ) a n d , in o n e ny l c h l o r i d e in i sop ropano l for 1 h at 1 0 0 ° C u n d e r N 2 ; t he 
loca l i t y ( M C G - 1 ) , Theba arinagae G i t t e n b e r g e r a n d R i p k e n . s a m p l e s w e r e d r i ed a n d a c y l a t e d b y reac t i on w i t h 2 0 0 (J.I 
Th is g e n u s w a s s e l e c t e d b e c a u s e it is t he most a b u n d a n t e n d e - of t r i f l uo roace t i c a c i d a n h y d r i d e ( 2 5 % in d i c h l o r o m e t h a n e ) 
m i c o n e o n the eastern C a n a r y Is lands (G i t tenberger a n d R i p k e n , for 5 m i n at 100 ° C . Excesses of d e r i v a t i v e a n d so l ven t w e r e 
1 9 8 7 ; G i t t e n b e r g e r ef a / . , 1 9 9 2 ; Cas t i l l o ef a / . , 2 0 0 2 ) . In o rde r e v a p o r a t e d u n d e r a gen t le f l o w of n i t rogen . T h e s a m p l e w a s 
to es tab l ish the l ack of d i a g e n e s i s in t he she l l s , X - r a y d i f f rac t ion t a k e n up in 100 |j,l of n - h e x a n e . 
s tudies w e r e ca r r i ed ou t , s h o w i n g a n a ragon i t i c c o m p o s i t i o n , 
s im i la r to t he ac tua l represen ta t i ves ( u n p u b l i s h e d da ta ) . B o t h 1 | j J w a s i n jec ted into a H e w l e t t - P a c k a r d 5 8 9 0 gas c h r o m a t o -
spec ies w e r e used toge ther b e c a u s e o n l y m o n o g e n e r i c s a m p l e s g r a p h . T h e in jec t ion por t w a s kept at 2 1 5 ° C a n d set for spl i t less 
p r o d u c e t a x o n o m i c a l l y con t ro l l ed va r i ab i l i t y in D /L rat ios m o d e for t he first 75 s, at t he b e g i n n i n g of w h i c h the s a m p l e 
( M u r r a y - W a l l a c e , 1 9 9 5 ; M u r r a y - W a l l a c e a n d G o e d e , 1995) . w a s i n j e c t e d , a n d later set to spl i t m o d e . H e l i u m w a s used as 
T h r e e l i v ing gas t ropods w e r e a lso a n a l y s e d to es tab l i sh the the car r ie r gas , at a c o l u m n h e a d pressure of 5 . 8 p s i , w i t h a 
i n d u c e d r a c e m i s a t i o n b y the a c i d - h y d r o l y s i s du r i ng s a m p l e C h i r a s i l - L - V a l fused s i l ica c o l u m n (0 .39 m m x 0 .25 |j,m x 2 5 m) 
p repa ra t i on . f r o m C h r o m p a c k . T h e g rad ien ts used w e r e as f o l l o w s : 5 0 ° C 
S a m p l e s w e r e s i eved u n d e r r u n n i n g w a t e r a n d d r i e d at r o o m (1 m i n ) , hea t i ng at 4 0 ° C / m i n to 11 5 ° C , 1 2 m i n at 115 ° C , heat -
t e m p e r a t u r e . G a s t r o p o d s w e r e ca re fu l l y s o n i c a t e d a n d c l e a n e d ing at 3 ° C / m i n to 190 ° C , 1 0 m i n at 1 9 0 ° C , c o o l i n g to 5 0 ° C 
w i t h w a t e r to r e m o v e the s e d i m e n t c o n t a i n e d ins ide the she l ls . a n d r e m a i n i n g at th is t e m p e r a t u r e b e t w e e n runs (at 8 0 ° C if 
A f t e r w a r d s , t h e y w e r e c l e a n e d in 2 N H C I a n d 7 0 - 8 0 m g of t he t i m e b e t w e e n runs w a s longer , t y p i c a l l y ove rn igh t ) . T h e 
shel l w a s s e l e c t e d . de tec to r used w a s an N P D set at 3 0 0 ° C . In tegrat ion of t he p e a k 
T h e s a m p l e p repa ra t i on p ro toco l is d e s c r i b e d in G o o d f r i e n d a reas w a s ca r r i ed ou t us ing the H P P E A K 9 6 in tegra t ion p rog ram 
(1991) a n d G o o d f r i e n d a n d M e y e r (1991) a n d i n v o l v e s : f r o m H e w l e t t - P a c k a r d . 
1 H y d r o l y s i s unde r N 2 a t m o s p h e r e in a m ix tu re of 1 2 N H C I 
(2.9nl/mg) a n d 6 N h y d r o c h l o r i c a c i d ( l O O ^ I ) for 2 0 h at 
100 ° C ; desa l t i ng w i t h H F , f reez ing a n d d r y i n g of t he super - Radiocarbon dating 
natant u n d e r v a c u u m . 
2 De r i va t i sa t i on : a m i n o a c i d s w e r e de r i va t i sed in a t w o - s t e p T h r e e s a m p l e s ( G M N - 3 , G C S - 1 a n d M C G - 1 ) w e r e p rev i ous l y 
p rocess , first i n v o l v i n g es ter i f i ca t ion w i t h 2 5 0 | j J of 3 M th io - d a t e d in t he G l i w i c e R a d i o c a r b o n L a b o r a t o r y of t he S i l es i an 
U n i v e r s i t y of T e c h n o l o g y ( P o l a n d ) b y D e L a N u e z ef al. (1997) Table 2 Correlation coefficients (r) between D/L ratios of various 
us ing the c o n v e n t i o n a l r ad iome t r i c t e c h n i q u e ( T a b l e 6 ) . a m i n ° a c i d s f r o m Theba shells recovered in the eastern islands and 
A d d i t i o n a l A M S r a d i o c a r b o n da t i ng w a s u n d e r t a k e n o n g a s - islets of the Canary Archipelago. Al l correlations are statistically signif-
t ropods f r o m n e w c o l l e c t i o n s f r o m s a m p l e s M G C - 3 , F M C - 1 , i can ta t t he level of p < 0 . 0 0 1 
F M C - 3 , F A G - 1 , F A G - 3 , L M A - 2 , L M A - 7 , a n d L L A - 2 in t he 
•
 N ,• , , , T-I , , I D-al le/L-l le D/L Asp D/L Phe D/L G lu G l i w i c e R a d i o c a r b o n Labo ra to r y . T h e gas t ropods w e r e t rea ted [_ 
w i t h 0 .5 M H C I in o rde r to r e m o v e the su r face l aye r of c a r b o - „ ,. „ ,. „ - , n r „ „ „ „ 
, , • . • D-al le/L-l le 0.796 0.800 0.959 
na te . A f t e r w a r d s , t he C a C 0 3 w a s d e c o m p o s e d w i t h c o n c e n - D ^ L A s p 0 g 3 3 0 g 5 7 
t ra ted H 3 P O 4 , a n d re leased C 0 2 w a s c o l l e c t e d , pur i f ied a n d D / L p n e 0 829 
g raph i t i sed . R a d i o c a r b o n c o n c e n t r a t i o n in p r o d u c e d g raph i te 
targets w a s m e a s u r e d w i t h use of a N E C C o m p a c t C a r b o n D-al le/L-l le: D-al loisoleucine/L-isoleucine; Asp: aspartic ac id; Phe: 
A M S sys tem. phenylal anine; G l u : glutamic acid. 
c i en t s , w h i c h suggests that not o n l y age but a lso o ther factors 
Results and discussion af fect the i r r a c e m i s a t i o n rat ios ( G o o d f r i e n d , 1991) . 
T h e c o v a r i a n c e pat terns of t h e D /L rat ios w e r e a n a l y s e d by 
p r i nc ipa l c o m p o n e n t s ana l ys i s ( T a b l e 3) . T h e first c o m p o n e n t 
T h e D / L rat ios of four a m i n o a c i d s ( i s o l e u c i n e , aspar t i c a c i d , ax is ( e i genvec to r ) a c c o u n t s for c a . 9 6 % of t he c o v a r i a t i o n of 
p h e n y l a l a n i n e a n d g l u t a m i c a c i d ) , o b t a i n e d f r o m 2 3 7 a n a l y t i - t he D / L rat ios, w h i c h represents t he c o v a r i a t i o n in r a c e m i s a -
ca l s a m p l e s of Theba f r o m the eas te rn i s lands a n d islets of t i on /ep ime r i sa t i on rates in t he four a m i n o a c i d s m e a s u r e d in 
the C a n a r y A r c h i p e l a g o , co r re la te s t rongly w i t h e a c h o ther Theba she l ls . Th i s is w h y w e used the D / L rat ios of t he four 
( T a b l e 2) a n d c a n be d i rec t l y re la ted to t h e age of t he s a m p l e d a m i n o a c i d s toge ther to es tab l ish the am inos t ra t i g raphy a n d 
ho r i zon . T h e D / L rat ios of l e u c i n e , a l a n i n e o r v a l i n e , h o w e v e r , a m i n o c h r o n o l o g y of t he a e o l i a n depos i ts . In fac t , a c c o r d i n g 
d o not b e h a v e s im i la r l y . T h e y s h o w l o w co r re la t i on coe f f i - to G o o d f r i e n d (1 9 9 1 ) , t he ana l ys i s of m o r e t h a n o n e a m i n o a c i d 
Table 4 M e a n values and standard deviation of D/L ratios of isoleucine, aspartic ac id, phenylalanine and g Jutamic acid obtained in Theba shells from 
the eastern i slands and islets of the Canary Archipelago and summary of the datini js. n: number of sampl es analysed 
Sample n D-alle/L-l le D/L Asp D/L Phe D/L G lu Age (ka BP) 
Actual 3 0.001 ±0.000 0.037±0.013 0.020 ±0.002 0.022 ±0.002 — 
F B P - 1 5 0.293 ±0.033 0.492 ±0.045 0.436 ±0.045 0.269 ±0.029 15.2±3.4 
FBE-1 5 0.855 ±0.113 0.669 ±0.051 0.695±0.077 0.580 ±0.075 48.1 ±5 .6 
FBE-2 5 0.888 ±0.056 0.647 ±0.049 0.703 ±0.029 0.564 ±0.044 47 .8±5 .7 
FBE-3 5 0.839 ±0.056 0.635±0.065 0.748 ±0.045 0.534 ±0.070 46.6 ±6 .5 
FBE-4 5 0.729 ±0.042 0.593 ±0.041 0.667±0.053 0.533 ±0.022 38.9 ±6 .4 
FBE-5 5 0.659 ±0.020 0.655 ±0.059 0.654 ±0.045 0.483 ±0.043 37.6±4.9 
FBE-6 5 0.658 ±0.026 0.628 ±0.01 5 0.674±0.036 0.493 ±0.020 37 .5±4 .2 
FBE-7 5 0.622 ±0.008 0.641 ±0.033 0.637±0.064 0.504 ±0.019 39.3 ±5 .5 
FHC-1 5 0 .537±0.088 0.544 ±0.067 0.559±0.014 0.409 ±0.048 27 .0±4 .5 
F H C - 2 5 0.431 ±0.026 0.578±0.016 0.506 ±0.059 0.341 ±0.014 23.2 ±4 .2 
FMA-1 5 0.602 ±0.082 0.590 ±0.044 0.537±0.055 0.420 ±0.069 29 .7±5 .0 
F M C - 1 5 0.813 ±0 .01 7 0.640 ±0.01 8 0.707 ±0.045 0.555±0.018 47.2 ±4 .6 
F M C - 2 5 0.761 ±0 .045 0.669 ±0.045 0.680 ±0.053 0.534 ±0.040 44.7 ±6 .5 
FMC-3 5 0.1 56 ±0.044 0.41 6 ±0.054 0.250 ±0.020 0.168±0.035 6.3 ±2 .4 
FAG-1 5 0.830 ±0.083 0.725 ±0.070 0.719±0.088 0.628 ±0.064 55 .7±5 .5 
F A G - 2 5 0.388±0.019 0.562 ±0.022 0.520 ±0.034 0.317±0.014 21 .6±4 .4 
FAG-3 5 0.1 63 ±0.011 0.330±0.033 0.195±0.024 0.134 ±0.020 5.4±1.7 
LTA-1 5 0.208 ±0.018 0.434 ±0.046 0.401 ±0.063 0.231 ±0.035 11.8 ±4 .0 
LTA-2 5 0.220 ±0.024 0.470 ±0.010 0.411 ±0.021 0.239 ±0.028 12.3±2.8 
LLA-1 5 0.682 ±0.077 0.627±0.037 0.660 ±0.043 0.488 ±0.037 38.0±4.0 
LLA-2 5 0.576 ±0.053 0.630 ±0.023 0.632 ±0.041 0.427 ±0.033 33 .5±3 .2 
LMA-1 5 0.684 ±0.082 0.638 ±0.046 0.639 ±0.070 0.502 ±0.041 38.6 ±6.9 
LMA-2 5 0.625 ±0.026 0.666 ±0.025 0.668±0.038 0.502 ±0.023 39 .8±4.6 
LMA-3 5 0.590 ±0.027 0.624±0.031 0.667 ±0.026 0.438 ±0.019 34.9 ±5.3 
LMA-4 10 0.538 ±0.049 0.612±0.017 0.597 ±0.029 0.416 ±0.034 30 .6±4 .2 
L M A - 5 5 0.547 ±0.052 0.603 ±0.012 0.602 ±0.030 0.429 ±0.018 31.1 ±3 .2 
LMA-6 5 0.435 ±0.029 0.566±0.034 0.602 ±0.062 0.356 ±0.024 27 .4±4 .4 
LMA-7 5 0.450 ±0.033 0.604 ±0.029 0.595 ±0.047 0.390 ±0.014 28 .2±5 .1 
G M N - 1 6 0.720 ±0.042 0.679 ±0.065 0.643 ±0.063 0.534 ±0.053 43.0 ±7 .8 
G M N - 2 6 0.725 ±0.039 0.673 ±0.045 0.673 ±0.040 0.554 ±0.047 43 .6±6 .3 
G M N - 3 6 0 .734±0.071 0.671 ±0.033 0.661 ±0.038 0.520 ±0.032 42.2 ±5 .2 
G M N - 4 5 0.679 ±0.027 0.661 ±0.030 0.656±0.057 0.506 ±0.020 40.2 ±4 .8 
G M N - 5 6 0.801 ±0.042 0.676 ±0.024 0.665 ±0.032 0.516±0.038 43.5 ±4.9 
G M N - 6 5 0 .518±0.067 0.614 ±0.028 0.554 ±0.080 0.406 ±0.029 29 .4±4 .6 
G M N - 7 5 0.261 ±0.032 0.498 ±0.038 0.480 ±0.054 0.264 ±0.012 16.5±3.9 
G M N - 8 5 0.272 ±0.051 0.489± 0.037 0.41 6 ±0.067 0.252 ±0.079 17.6±3.3 
G C S - 1 6 0.452 ±0 .01 7 0.626 ±0.032 0.624 ±0.049 0.384 ±0.019 30.3 ±5 .5 
G C S - 2 6 0.360 ±0.045 0.565±0.019 0.492 ±0.042 0.316±0.014 20.6 ±3 .4 
G L C - 1 5 0 .537±0.037 0.594 ±0.068 0.61 6 ±0.042 0.414 ±0.034 31.5 ±5 .7 
G L C - 2 4 0.457 ±0.040 0.564 ±0.047 0.510±0.051 0.391 ±0.029 24.8 ±4 .4 
M C G - 1 6 0.698 ±0.084 0.670 ±0.049 0.644 ±0.076 0.535 ±0.049 40.2 ±7.9 
M C G - 2 5 0.473 ±0.061 0.611 ±0.064 0.583 ±0.089 0.415 ±0.057 28.5 ±6 .4 
M C G - 3 6 0.113 ±0 .005 0.319±0.007 0.188±0.077 0.157±0.068 4 .6±0.7 
A M L - 1 5 0 .115±0.023 0.472 ±0.059 0.373 ±0.053 0.1 76 ±0.021 10.1 ±4 .0 
D-alle/L-l le: D-al loisoleucine/L-isoleucine; Asp: aspartic acid; Phe: phenylalanine; G l u : glutamic acid. 
Eigenvector 1 Eigenvector 2 Eigenvector 3 
D-alle/L-l le 0.949 0.279 -0 .087 
D/L Asp 0.923 -0 .197 0.329 
D/L Phe 0.911 - 0 . 3 1 2 -0 .269 
D/L G lu 0.968 0.207 0.025 
Proportion of 88.02 6.40 4.70 
variance 
Table 3 Principal components analysis of the correlation matrix of the 
D/L ratios of the four amino acids measured in Theba samples described 
in Table 4, giving the first three eigenvectors (principal component axis) 
and the proportion of the total var iance in the data set 
D-al le/L-l le: D-al loisoleucine/L-isoleucine; Asp: aspartic ac id; Phe: 
phenylalanine; G l u : glutamic acid. 
p rov i des large ly r e d u n d a n t i n fo rma t ion o n s a m p l e a g e . T h e 
m e a n D / L rat ios of t he d i f ferent a m i n o a c i d s ( i s o l e u c i n e , aspar ­
t ic a c i d , p h e n y l a l a n i n e a n d g l u t a m i c ac id ) in Theba she l ls are 
g i v e n in T a b l e 4 . 
Aminostratigraphy 
A m i n o s t r a t i g r a p h y cons is ts in ' p l a c i n g in s t ra t ig raph ic o rde r ' 
sets of g e o l o g i c a l o r p a l a e o n t o l o g i c a l loca l i t ies a c c o r d i n g to 
the D / L rat ios m e a s u r e d f rom the s a m e g roup of fossi ls (genera ) . 
F u n d a m e n t a l to th is exe rc i se is t he assump t i on that al l s a m p l e s 
of t he s a m e age a re p r e s e r v e d u n d e r s im i la r e n v i r o n m e n t a l 
c o n d i t i o n s , i no rgan i c g e o c h e m i s t r y a n d t h e r m a l h istor ies. 
T h e r e f o r e , e a c h a m i n o z o n e const i tu tes a d u n e / p a l a e o s o l 
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Figure 6 Dendrogram (complete linkage and Eucl idean distance) of the D-al le/L-l le, D/L Asp, D/L Phe and D/L G l u values obtained in Theba snails 
from diverse stratigraphic sections of the Canary Archipelago eastern islands. Each cluster was identified to an aminozone ( A 1 , oldest, to A8 , youngest) 
Eight g roups ( a m i n o z o n e s ) w e r e es tab l i shed w i t h the a id of 
c lus ter ana l ys i s ( c o m p l e t e l i nkage a n d E u c l i d e a n d i s t ance ) , 
us ing the i s o l e u c i n e , aspar t i c a c i d , p h e n y l a l a n i n e a n d g l u t a m i c 
a c i d D / L rat ios (F ig . 6 ) . T h e m e a n D /L rat ios of e a c h a m i n o z o n e 
are in T a b l e 5 . A m i n o z o n e 1 , w i t h t he h ighest r a c e m i s a t i o n / 
e p i m e r i s a t i o n rat ios, g roups t h e o ldes t depos i t s (ear l iest d u n e / 
p a l a e o s o l - f o r m a t i o n e p i s o d e f o u n d o n these i s lands) , w h i l e 
A m i n o z o n e 8 c o r r e s p o n d s to t he y o u n g e s t b e d s (e igh th d u n e / 
p a l a e o s o l - f o r m a t i o n e p i s o d e ) . 
In o rde r to test t he re l iab i l i ty of t he a m i n o z o n e s w e per­
f o r m e d mu l t i va r ia te ana l ys i s of v a r i a n c e ( M A N O V A ) . W e 
c o m p a r e d the m e a n squa re v a l u e s t h rough the v a r i a n c e ratio 
F t e s t . T h e results in T a b l e 7 s h o w that t he s i gn i f i cance leve l 
(p) is m u c h l o w e r t h a n 0 . 0 1 . L i k e w i s e , t he o b s e r v e d v a l u e of 
F (24 .87 ) is g reater t h a n the t abu la ted v a l u e (1 .65) at t he 9 5 % 
leve l of c o n f i d e n c e a n d a lso greater t h a n the t a b u l a t e d F v a l u e 
(2 .06) at t he 9 9 % leve l of c o n f i d e n c e , so the nu l l hypo thes is 
(s imi lar i ty of a m i n o z o n e s ) c a n b e re j ec ted . F u r t h e r m o r e , the 
W i l k s ' l a m b d a v a l u e is 0 .079 , c l o s e to 0 , m e a n i n g that a g o o d 
d i sc r im ina t i on c a n be in terpre ted b e t w e e n a m i n o z o n e s . T h e r e ­
fore , t h e M A N O V A d o e s c l e a r l y d is t ingu ish b e t w e e n the m e a n 
D /L rat ios of i s o l e u c i n e , aspar t i c a c i d , p h e n y l a l a n i n e a n d g l u ­
t a m i c a c i d that de f i ne the a m i n o z o n e s . W e a lso c a l c u l a t e d the 
squa red M a h a l a n o b i s d i s tances b e t w e e n the g roup cen t ro ids to 
c o m p a r e the m e a n response b e t w e e n pa i rs of a m i n o z o n e s . T h e 
M a h a l a n o b i s d i s t a n c e is s im i la r to t he s tandard E u c l i d e a n d is ­
t a n c e m e a s u r e , e x c e p t that it t akes into a c c o u n t t he co r re la ­
t ions b e t w e e n v a r i a b l e s . T h e respec t i ve p - l eve l s of the 
squa red M a h a l a n o b i s d i s tances b e t w e e n pa i rs of a m i n o z o n e s 
( T a b l e 8) a re b e l o w 0 .05 (mos t of t h e m e v e n b e l o w 0.01) 
a n d , t he re fo re , t he m e a n D / L v a l u e s that d e f i n e e a c h a m i n o ­
z o n e a re re l i ab le . 
T h e r e is c l o s e c o r r e s p o n d e n c e b e t w e e n the a m i n o z o n e s 
a n d the s t ra t ig raph ic pos i t ion of t he b e d s w i t h i n e a c h sec t ion 
(F ig . 7) . A c c o r d i n g to these resul ts, t he l o w e r hal f of the 
B a r r a n c o d e los E n c a n t a d o s sec t i on ( f rom F B E - 1 to F B E - 3 ) co r ­
responds to t he s a m e ( a n d o ldest ) d u n e - f o r m a t i o n e p i s o d e , a n d 
cor re la tes w i t h t h e bo t t om of t he M o n t a n a d e la Cos t i l l a 
( F M C - 1 ) a n d A t a l a y e j a G r a n d e sec t ions ( F A G - 1 ) , a l l of w h i c h 
are l oca ted o n F u e r t e v e n t u r a Is land (F ig . 7). 
Table 5 M e a n and standard deviation values of isoleucine, aspartic acid, phenylalanine and glutam ic acid D/L ratios that c naracterise the amino-
zones established in the eastern islands and islets of the Canary Archipelaj ;o. The average age of the different aminozones is also represented 
Aminozones D-alle/L-l le D/L Asp D/L Phe D/L G lu Age (ka) 
8 0.139±0.018 0.343 ±0.029 0.201 ±0.030 0.152 ±0.030 5.4±1.1 
7 0.1 73 ±0.056 0.459 ±0.044 0.384 ±0.051 0.209 ±0.040 11.0 ±4.0 
6 0.270 ±0.034 0.505 ±0.035 0.443 ±0.051 0.262 ±0.025 14.9±3.6 
5 0.402 ±0.039 0.568 ±0.026 0.510±0.037 0.337±0.035 22.4 ±4 .5 
4 0.589 ±0.064 0.603 ±0.037 0.586 ±0.040 0.395 ±0.040 29.4 ±4.8 
3 0.643 ±0.055 0.640 ±0.034 0.653 ±0.040 0.484 ±0.038 37.8±4.6 
2 0.741 ±0.053 0.659 ±0.044 0.658 ±0.039 0.529 ±0.037 42.5 ±6.0 
1 0.834 ±0.059 0.677 ±0.050 0.719 ±0.062 0.576 ±0.060 48.6 ±6 .4 
D-al le/L-l le: D-al loisoleucine/L-isoleucine; Asp: aspartic ac id; Phe: phenylalanine; G l u : glutamic acid. 

T h e l o w e r half of t he M o r r o s N e g r o s ( L a G r a c i o s a Islet) strati­
g r a p h i c s e c t i o n , f r om set G M N - 1 to G M N - 5 w i t h t he e x c e p t i o n 
of set G M N - 4 , b e l o n g s to A m i n o z o n e 2 , a n d co r re la tes w i t h the 
bo t tom of C a l e t a d e G u z m a n ( M C G - 1 ) , l o ca ted at M o n t a n a 
C l a r a Islet, a n d t h e m i d d l e par t of t he B a r r a n c o d e los E n c a n t a -
d o s ( F B E - 4 ) a n d M o n t a n a d e la Cos t i l l a ( F M C - 2 ) sec t i ons , bo th 
o n F u e r t e v e n t u r a Is land (F ig . 7) . It is n o t i c e a b l e that set G M N - 4 , 
w h i c h shou ld be i n c l u d e d w i t h i n A m i n o z o n e 2 , be longs to 
A m i n o z o n e 3 . Th i s is d u e to t h e l o w e r i s o l e u c i n e D / L v a l u e 
in G M N - 4 t h a n in b e d s G M N - 1 , 2 , 3 a n d 5 , w h i l e t he r a c e m i ­
sat ion rat ios of aspar t i c a c i d , p h e n y l a l a n i n e a n d g l u t a m i c a c i d 
are s imi lar . 
T h e top half of t he B a r r a n c o d e los E n c a n t a d o s sec t ion ( F B E - 5 
to F B E - 7 ) w a s depos i t ed d u r i n g the th i rd d u n e - f o r m a t i o n e p i ­
s o d e , toge ther w i t h b e d s f rom the L o m a d e S a n A n d r e s sec t ion 
( L L A - 1 a n d 2) a n d the bo t t om of t h e M a l a sec t ion ( L M A - 1 to 3) , 
bo th f rom L a n z a r o t e Is land ( F i g . 7). 
T h e bo t t om of t he M o n t a n a A z u f r a sec t i on ( F M A - 1 ) a n d the 
bo t tom of t he H u e s o de l C a b a l l o sec t ion ( F H C - 1 ) , bo th o n 
Fue r t even tu ra , c o r r e s p o n d to t he four th d u n e - f o r m a t i o n e p i ­
sode (F ig . 7) . T h e s e b e d s co r re la te w i t h t he top hal f of the 
M a l a sec t ion ( L M A - 4 to 7) , t he m i d d l e of t he C a l e t a d e 
G u z m a n sec t i on ( b e d M C G - 2 ) , t he bo t t om of t he C a l e t a de l 
S e b o sec t ion ( C G S - 1 ) , t h e bo t t om of t he L a C o c i n a 
sec t ion ( G L C - 1 ) a n d set G M N - 6 of t he M o r r o s N e g r o s sec t ion 
(F ig . 7 ) . 
D u r i n g the fifth d u n e - f o r m a t i o n e p i s o d e , t he t op of the 
H u e s o d e l C a b a l l o ( F H C - 2 ) , La C o c i n a ( G L C - 2 ) a n d C a l e t a 
de l S e b o ( G C S - 2 ) sec t ions w e r e d e p o s i t e d , as w e l l as t he inter­
m e d i a t e b e d s of A t a l a y e j a G r a n d e sec t i on ( F A G - 2 ) (F ig . 7). 
T h e T a o sec t ion ( L T A - 1 , 2) a n d the M o n t a n a L o b o s sec t ion 
( A M L - 1 ) a re g r o u p e d in A m i n o z o n e 6 (F ig . 7). 
T h e top of t he M o r r o s N e g r o s sec t ion ( G M N - 7 , 8) a n d at least 
the bo t t om of t he B a r r a n c o d e l P e c e n e s c a l ( F B P - 1 ) sec t ion w e r e 
depos i t ed du r i ng t h e s e v e n t h d u n e - f o r m a t i o n e p i s o d e (F ig . 7). 
U n f o r t u n a t e l y , t he top of t he B a r r a n c o de l P e c e n e s c a l s e c ­
t ion w a s st rongly c e m e n t e d a n d no a m i n o a c i d r a c e m i s a t i o n 
ana lys i s o n gas t ropods c o u l d be p e r f o r m e d . W e c a n n o t ru le 
ou t t he poss ib i l i ty that t he u p p e r m o s t par t of th is sec t ion 
be longs to A m i n o z o n e 8 , w h i c h i n c l u d e s the top of t he A t a ­
l aye ja G r a n d e ( F A G - 3 ) , M o n t a n a d e la Cos t i l l a ( F M C - 3 ) a n d 
C a l e t a d e G u z m a n ( M G C - 3 ) sec t ions (F ig . 7). 
T h e s e results d e m o n s t r a t e that a l l t he d u n e - p a l a e o s o l a c c u ­
m u l a t i o n e p i s o d e s ( a m i n o z o n e s ) a re n o w h e r e r e c o r d e d in the 
s a m e s t ra t ig raph ic sec t i on . In s o m e c a s e s , t he re w a s a c o n t i n u ­
ity of seve ra l s u c c e s s i v e e p i s o d e s ( F B E , F H C , L M A , G C S a n d 
G L C sec t ions ) , w h e r e a s in o the r sec t ions the a m i n o a c i d rat ios 
suggest t h e p r e s e n c e of a h ia tus ( F A G , F M C , G M N a n d M C G 
sect ions) . In sec t ions A M L , L L A , L T A , F B P a n d F M A , o n l y o n e 
d u n e - f o r m a t i o n e p i s o d e is r e c o r d e d . 
T h e h i g h l y s i m i l a r v a l u e s of t h e D / L ra t ios ( e . g . a r o u n d 0 .73 
in D - a l l e / L - l l e ) o f t h e d i f fe ren t a m i n o a c i d s in s a m p l e s f r o m 
p a l a e o s o l s 1 to 5 of t h e G M N s e c t i o n suggest t h e s t a c k i n g 
of d u n e b e d s b e t w e e n p e r i o d s of soi l f o r m a t i o n o v e r a short 
p e r i o d of t i m e . T h i s a l t e r n a t i n g pa t te rn of d u n e s a n d p a l a e o ­
sols i m p l i e s a r a p i d c h a n g e in e n v i r o n m e n t a l c o n d i t i o n s , 
f r o m m o r e a r i d s tages r e p r e s e n t e d b y m o b i l e d u n e s to m o r e 
h u m i d p h a s e s r e p r e s e n t e d b y p a l a e o s o l s . T h i s s ty le o f d e p o s i ­
t i on a l s o o c c u r s in o the r a e o l i a n f o r m a t i o n s o n t h e i s l and of 
L a n z a r o t e , w h e r e a D - a l l e / L - l l e rat io o f ~ 0 . 5 o b t a i n e d in six 
s t a c k e d p a l a e o s o l s o f a s t ra t i g raph i c s e c t i o n ( H i l l a i r e - M a r c e l l 
ef a / . , 1995 ) i n d i c a t e s r a p i d d e p o s i t i o n . T h e g rea tes t v a r i a ­
t i ons in t h e D / L rat ios a r e f o u n d b e t w e e n p a l a e o s o l s M C G -
2 a n d M G C - 3 o n t h e is let of M o n t a n a C l a r a , p o i n t i n g to a per ­
i od of d u n e a c t i v a t i o n tha t s h o u l d b e m u c h l onge r t h a n the 
f o r m a t i o n t i m e s p a n o f t h e first f i v e p a l a e o s o l l e v e l s of M o r r o s 
N e g r o s . 
Aminochronology 
A m i n o c h r o n o l o g y is a m e a n s of c o n v e r t i n g the re la t i ve D /L 
rat ios of t he a m i n o a c i d s into n u m e r i c a l ages . H o w e v e r , the 
a m i n o a c i d r a c e m i s a t i o n m e t h o d is not a n u m e r i c a l da t i ng 
m e t h o d in itself a n d needs to b e ca l i b ra ted w i t h e i ther p re ­
v i o u s l y da ted s a m p l e s ( i . e . t h rough rad iome t r i c da t i ng m e t h ­
ods) or b y ' h i g h ' - t e m p e r a t u r e l abo ra to ry e x p e r i m e n t s to 
d e t e r m i n e the rate of natura l a m i n o a c i d r a c e m i s a t i o n / e p i m e r -
isat ion in a pa r t i cu la r genus . 
A s t h e r a c e m i s a t i o n p r o c e s s is bo th g e n u s - a n d t e m p e r a ­
t u r e - d e p e n d e n t , a g e c a l c u l a t i o n a l g o r i t h m s c a n o n l y be 
e s t a b l i s h e d f r o m s a m p l e s l o c a t e d in a r e a s w i t h t h e s a m e ther ­
m a l h is to ry , e . g . Theba she l l s r e c o v e r e d in t h e C a n a r y 
I s l ands . T w o m o d e l s a r e c o m m o n l y u s e d for c a l i b r a t i o n : 
f i rs t -order r e v e r s i b l e k i ne t i cs ( F O K ) a n d a p p a r e n t p a r a b o l i c 
k i ne t i cs ( A P K ) . 
For c a l i b r a t i o n , seve ra l da ted s a m p l e s of d i f ferent ages are 
n e e d e d . W h e n p r e v i o u s l y da ted s a m p l e s a re s c a r c e , the 
ca l i b ra t i on c a n b e s imp l i f i ed b y t ak i ng a n F O K pat tern 
(Mi t te rer , 1975) that re la tes the exp ress ion ln[ (1 + D / L ) / 
(1 — D/L ) ] w i t h t i m e o r t he squa re root of t i m e . A c c o r d i n g to 
s o m e au tho rs , t he r a c e m i s a t i o n / e p i m e r i s a t i o n reac t i on is p re ­
s u m e d to f o l l o w revers ib le F O K k ine t ics o n l y at in i t ia l stages 
of d i agenes i s ( M a s t e r s a n d B a d a , 1977 ; K r i ausaku l a n d 
Mi t te re r , 1 9 8 0 ; M i l l e r a n d B r i g h a m - G r e t t e , 1 9 8 9 ; W e h m i l l e r 
a n d H a r e , 1 9 7 1 ; B a d a a n d S c h r o e d e r , 1972) . N e v e r t h e l e s s , 
the best co r re la t i ons b e t w e e n D / L rat ios (up to 1.0) of d i f ferent 
a m i n o a c i d s a n d t i m e a n d / o r t he squa re root of t i m e w e r e 
o b t a i n e d w i t h F O K by M i l l e r etal. ( 1 9 9 1 , 1992 ) , To r res etal. 
(1997) a n d O r t i z etal. ( 2004 ) . 
M i t te re r a n d K r i ausaku l (1989) m o d e l l e d r a c e m i s a t i o n / e p i ­
mer i sa t ion reac t i ons in t e rms of A P K , a p r o c e d u r e that gene r ­
ates a l inear re la t ionsh ip b e t w e e n the squa re root of t i m e a n d 
D /L rat ios. H o w e v e r , t he app l i cab i l i t y of t he p a r a b o l i c 
a p p r o a c h at v e r y l o w o r h igh D /L rat ios m a y be q u e s t i o n a b l e 
(M i t te re r a n d K r i a u s a k u l , 1 9 8 9 ; M u r r a y - W a l l a c e a n d K i m b e r , 
1993) . O t h e r re la t ionsh ips b e t w e e n age a n d D / L rat ios h a v e 
a lso b e e n p r o p o s e d ( G o o d f r i e n d ef a / . , 1 9 9 2 , 1 9 9 5 ; El l is 
ef a / . , 1 9 9 6 ; C s a p o ef a / . , 1998 ; K a u f m a n , 2 0 0 0 ; M a n l e y 
ef a / . , 2 0 0 0 ) . 
In short , s i n c e no m o d e l s e e m s to d e s c r i b e sat is factor i ly the 
pat terns of e a c h of t he a m i n o a c i d s , a m o d e l must b e c h o s e n 
e m p i r i c a l l y for e a c h da ta set b a s e d o n the g o o d n e s s of fit 
( G o o d f r i e n d , 1991) . In fac t , in t he s tudies b y G o o d f r i e n d 
(1991) a n d O r t i z etal. ( 2004 ) , t he pat terns of s o m e a m i n o a c i d s 
l inear ised better w i t h a p p a r e n t p a r a b o l i c k ine t i cs , w h i l e for 
o thers t he ' f i rst-order k ine t i cs ' t rend w a s the best o n e . For the 
c a l c u l a t i o n of a l go r i t hms , t he r a d i o c a r b o n da ta of T a b l e 6 w e r e 
used . It must not be o v e r l o o k e d that in c a r b o n a t e a r e a s , land 
snai ls ingest o l d c a r b o n a t e s (de f i c ien t in 1 4 C ) a n d i nco rpo ra te 
this c a r b o n into the i r she l ls d u r i n g g r o w t h ( G o o d f r i e n d a n d 
H o o d , 1983) . T h u s , ages c a n b e a n o m a l o u s l y o l d a n d range 
up to c a . 3 ka ( G o o d f r i e n d a n d S t i pp , 1 9 8 3 ; G o o d f r i e n d , 
1 9 8 7 b ; G o o d f r i e n d ef a / . , 1 999 ) . Th i s a g e a n o m a l y c a n b e c a l ­
c u l a t e d f rom r a d i o c a r b o n ana l ys i s of m o d e r n , l i v e - c o l l e c t e d 
shel ls o r she l ls c o l l e c t e d a l i v e be fo re t h e r m o n u c l e a r b o m b tests 
in t h e 1950s . 
In ou r c a s e , w e used the a g e a n o m a l y of a n a c t u a l gas t ropod 
(Theba) f r o m the C a n a r y Is lands ( T a b l e 9 ) . For t he c a l c u l a t i o n of 
the age a n o m a l y of t he l i v e - c o l l e c t e d gas t ropod G o o d f r i e n d ' s 
(1987a ) e q u a t i o n w a s e m p l o y e d : 
A - A [l 2 t e
 + 25)l 
Table 6 1 4 C datings of fossil gastropod samples from the stratigraphic sections studied from the eastern Canary Islands. Analysis of G M N - 3 , G C S - 1 , 
and M C G - 1 were obtained by D e La Nuez ef al. (1997) using a conventional radiocarbon technique. Analysis of the rest of the samples were per­
formed in an A M S . See text for details of correction procedures 
Sample Material 1 4 C a g e ( y r B P ) Corrected 1 4 C age (yr BP) Calibrated age (yr BP) 
M C G - 3 GdA-391 5 7 7 0 ± 3 5 3046 ± 4 7 3250 ± 7 0 
FMC-3 GdA-379 6260 ± 4 0 3536±51 3810 ± 7 0 
FAG-3 GdA-383 6960 ± 4 0 4236±51 4750 ± 9 0 
G C S - 1 Gd-10441 33 600 ±1400 30 876 ± 1400 36 160 ±1780 
M C G - 1 Gd-10439 36 200 + 2 6 0 0 - 2 0 0 0 33 776 ±2300 38 890 ±2240 
LMA-7 GdA-386 37 700 ±500 34 976 ±500 40 760 ± 790 
G M N - 3 Gd-10438 37 800 + 3 3 0 0 - 2 4 0 0 35 526 ±2850 39 820 ±2460 
FMC-1 GdA-378 40 600 ± 600 37 876 ±600 42 530 ±270 
FAG-1 GdA-382 42 200 ± 700 39 476 ±700 43 320 ±450 
LMA-2 GdA-385 43 000 ± 800 40 276 ±800 43 810 ±580 
LLA-2 GdA-387 43 300 ± 800 40 576 ±800 44 000 ±630 
Table 7 Mult ivariate analysis of var iance ( M A N O V A ) of the isoleucine, aspartic acid, phenylalanine and glutamic acid D/L ratios from the amino­
zones established in the eastern islands and islets of the Canary Archipelago 
W i I k s ' lambda Observed F d.f. Tabulated F (for a = 0.05) Tabulated F (for a = 0.01) p-level 
0.0792 24 879 (28 900) 1.65 2.06 < 0.0001 
d.f. degrees of freedom. 
Table 8 p-levels of the squared Mahalanobis distances among the 
amino acid D/L ratios of pairs of Aminozones 
Compared aminozones p-level 
Am 7 vs. A m 8 0.00557 
Am 6 vs. A m 7 0.00253 
Am 5 vs. A m 6 0.00925 
Am 4 vs. A m 5 0.00974 
Am 3 vs. A m 4 < 0.00001 
Am 2 vs. A m 3 < 0.00001 
Am 1 vs. A m 2 < 0.00001 
w h e r e Am is t he m e a s u r e d 1 4 C ac t i v i t y of t he she l l a n d A a is the 
c o n t e m p o r a r y a t m o s p h e r i c 1 4 C ac t iv i ty . 
T h e es t ima ted a g e a n o m a l y is 2 7 2 4 ± 32 y r a n d w a s used to 
co r rec t t he ages o b t a i n e d in t he fossil Theba s a m p l e s . T h e age 
a n o m a l y w a s sub t rac ted f r o m the m e a s u r e d 1 4 C ages of fossil 
s a m p l e s a n d t h e n the v a r i a n c e w a s a d d e d to t he repor ted a n a ­
ly t ica l v a r i a n c e in 1 4 C age to ob ta i n t he o v e r a l l unce r ta in t y 
of 1 4 C age (o - t o t a | — \ / 3 2 2 + a2). W e t h e n c o n v e r t e d these 
co r rec ted r a d i o c a r b o n ages into c a l e n d a r y e a r s us ing the 
R a d i o c a r b o n C a l i b r a t i o n P r o g r a m 4 .4 ( C A L I B 4.4) (S tu i ve r 
a n d R e i m e r , 1993) w i t h t he ca l i b ra t i on da tase t of S tu i ve r 
ef al. (1998) for H o l o c e n e s a m p l e s ( T a b l e 6 ) . T h e co r rec t i on 
of t he a g e a n o m a l y of s a m p l e s o l d e r t h a n 30 k 1 4 C y r B P 
w a s p e r f o r m e d w i t h t he C A L _ P A L p r o g r a m ( W e n i n g e r ef al., 
2004) w i t h t he ca l i b ra t i on da taset C a l P a l 2 0 0 4 _ S F C P 
( T a b l e 6) . 
For es tab l i sh ing a g e c a l c u l a t i o n a lgo r i t hms t h rough the 
a m i n o a c i d r a c e m i s a t i o n / e p i m e r i s a t i o n rat ios, w e first used 
al l t h e s a m p l e s of T a b l e 6. H o w e v e r , w e f o u n d that t hese e q u a ­
t ions p r o v i d e d ages for s a m p l e s F A G - 1 , L L A - 2 a n d L M A - 7 that 
d i f fered f r o m ages o b t a i n e d w i t h r a d i o c a r b o n da t i ng . B e c a u s e 
of th is , w e re jec ted s a m p l e s F A G - 1 , L L A - 2 a n d L M A - 7 for the 
c a l c u l a t i o n of t he m o d e l s . 
To se lec t t he best fit f o r t h e a m i n o - a g e es t ima t ion a lgo r i thms , 
w e c o m p a r e d the co r re la t i on coe f f i c ien ts (r) for v a r i o u s 
a p p r o a c h e s ( T a b l e 10). W e c h o s e to use the f o l l o w i n g re la t ion ­
ships b e c a u s e t h e y p r o v i d e d the h ighest co r re la t i on coef f i ­
c ien ts : D - a l l e / L - l l e v a l u e s ve rsus t i m e ( A P K ) ; the 
p h e n y l a l a n i n e a n d g l u t a m i c a c i d D / L rat ios ve rsus squa re root 
of t i m e ( A P K ) ; a n d the f i rst-order k ine t ic t rans fo rmat ion of the 
aspar t ic a c i d D / L rat ios ve rsus square root of t i m e ( T a b l e 10). 
T h e results a re ( F i g . 8) : 
For i s o l e u c i n e : 
f = - 1 . 9 3 9 + 6 0 . 4 2 D - a l l e / L - l l e 
For aspar t i c a c i d : 
\Tt = - 0 . 9 7 6 4 + 4 .61 77 In j + ^ 
For p h e n y l a l a n i n e : 
V~t = - 0 . 1 0 2 4 + 9 .8306 D / L P h e 
For g l u t a m i c a c i d : 
\ / f = 0.1 0 4 2 7 + 1 2 .322 D / L G I u 
N u m e r i c a l da t i ng w a s o b t a i n e d b y i n t r oduc ing into the a lgo ­
r i thms the Theba D /L rat ios m e a s u r e d for e a c h a m i n o a c i d . T h e 
age is t he a v e r a g e of t he n u m e r i c a l da tes o b t a i n e d for e a c h 
a m i n o a c i d D / L rat io m e a s u r e d in a n a l y t i c a l s a m p l e s of a s ing le 
bed ( T a b l e 4 ) . A g e unce r ta in t y is t he s tandard d e v i a t i o n of al l 
Table 9 Radiocarbon analyses of a l ive-collected Theba shell from the Canary Islands. P M C = % modern carbon. The contemporary 1 4 C value for 
comparison was taken from extrapolation of data in Levin and Hesshaimer (2000) 
Laboratory no. Col lect ion yr 1 3 C ( % 0 P D B ) Shell 1 4 C ± S D ( P M C ) Contemporary 1 4 C ( P M C ) Relative shell 1 4 C ( P M C ) Age anomaly (yr) 
GdA-384 2002 4.4 76.01 ±0 .30 110 71.2 2724 ± 3 2 
Table 10 Correlation coefficients (r) between t ime and D/L ratios of 
amino acids measured in Theba snail shells. Correlations are presented 
for: (1) D/L ratios transformed to first-order kinetics vs. t ime; (2) D/L 
ratios transformed to first-order kinetics vs. square root of t ime; 
(3) untransformed D/L ratios vs. t ime (APK) ; (4) untransformed D/L 
ratios vs. square root of t ime (APK) . All correlations are statistically 
significant at the level of p < 0 .001 . The highest correlation coefficients 
are in bold 
1 2 3 4 
D-alle/L-l le 0.961 0.952 0.968 0.963 
D/L Asp 0.933 0.976 0.907 0.962 
D/L Phe 0.983 0.990 0.979 0.994 
D/L G lu 0.972 0.972 0.974 0.979 
D-alle/L-l le: D-alloisoleuc ne/L-isoleucine; Asp: aspartic acid; Phe: 
phenylalanine; G l u : glutamic acid. 
the n u m e r i c a l ages c a l c u l a t e d f rom t h e a m i n o a c i d D /L rat ios. 
T h e r e w a s g e n e r a l l y g o o d c o r r e s p o n d e n c e b e t w e e n the ages 
c a l c u l a t e d th rough a m i n o a c i d r a c e m i s a t i o n a n d ages o b t a i n e d 
by 1 4 C . 
T h e a v e r a g e age of e a c h a m i n o z o n e w a s c a l c u l a t e d by 
m e a n s of t he n u m e r i c a l ages o b t a i n e d f rom e a c h i s o l e u c i n e , 
aspar t ic a c i d , p h e n y l a l a n i n e a n d g l u t a m i c a c i d D / L rat io of 
al l t he s a m p l e s f rom e a c h b e d ( T a b l e 5) . D e s p i t e t he M A N O V A 
a n d squa red M a h a l a n o b i s d i s t ances d e m o n s t r a t i n g that the 
A m i n o z o n e s a re re l i ab le , w e p e r f o r m e d a f-test ana l ys i s to 
d e t e r m i n e w h e t h e r t he a v e r a g e ages of t he A m i n o z o n e s a re sig­
n i f i cant ( T a b l e 11). T h e v a l u e of t he p - l eve l is t he p robab i l i t y of 
er ror i n v o l v e d in a c c e p t a n c e of o u r o b s e r v e d result as v a l i d , i .e. 
as rep resen ta t i ve of t he p o p u l a t i o n . T h e results s h o w that , in al l 
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c a s e s , p - l eve l s a re l o w e r t h a n 0 . 0 0 5 a n d t h e f v a l u e s a re h igher 
t han the t abu la ted f v a l u e s for a = 0 .05 a n d a = 0 . 0 1 . T h e r e ­
fore , t he a v e r a g e ages of t he A m i n o z o n e s a re stat is t ica l ly h igh ly 
s igni f icant . 
A c c o r d i n g to these results, t he d u n e - f o r m a t i o n e p i s o d e s al l 
o c c u r r e d b e t w e e n M I S 1 a n d 3 , w h i c h is cons is ten t w i t h ear l ie r 
s tud ies. T h e y c a n b e d e s c r i b e d as e v e n t s of a e o l i a n depos i t 
a c c u m u l a t i o n w i t h a r e c u r r e n c e pe r i od of 5 - 7 ka . E a c h e v e n t 
o c c u r r e d d u r i n g ar id c o n d i t i o n s ( D e L a N u e z ef a / . , 1997 ; 
Cas t i l l o ef a / . , 2002 ) a n d e n d e d w i t h t he d e v e l o p m e n t of a 
p a l a e o s o l , w h i c h is in terpre ted as b e i n g c a u s e d by an i nc rease 
in e n v i r o n m e n t a l mo is tu re . T h e s e pu lses of a e o l i a n depos i t i on 
are not e x c l u s i v e l y re la ted to a s ing le s a n d y set, bu t to v a r i o u s 
d u n e b e d s c a p p e d by p a l a e o s o l s . 
A c c u m u l a t i o n s of a e o l i a n sands i n t e rbedded w i t h ho r i zons 
of silt a n d c l a y (pa laeoso l s ) a r e c o m m o n in coas ta l s e q u e n c e s 
of M e d i t e r r a n e a n a n d sub t rop ica l No r t h A t l an t i c reg ions . P r e ­
v i o u s w o r k o n a m i n o a c i d r a c e m i s a t i o n / e p i m e r i s a t i o n m e a ­
su remen ts in l and snai l she l ls f r o m a e o l i a n fo rma t ions has 
b e e n p e r f o r m e d by d i f ferent au thors : H e a r t y (1987) o n the 
Is land of M a l l o r c a , H e a r t y ef a / . (1992) in B e r m u d a a n d 
G o o d f r i e n d ef a / . (1996) in M a d e i r a . D a t i n g of s o m e of t hese 
s e q u e n c e s e n a b l e s a c o m p a r i s o n w i t h t he C a n a r y Is lands 
sec t ions . H o w e v e r , t he re la t ionsh ip b e t w e e n Theba sna i ls D -
a l l e / L - l l e rat ios ve rsus age o b t a i n e d in t he C a n a r y Is lands d o e s 
not co r re la te w i t h t h e da ta of Helix f r o m M a l l o r c a ( H e a r t y , 
1 9 8 7 ) , Poecilozonites f r om B e r m u d a ( H e a r t y ef a / . , 1 992) or 
Actinella nitidiuscula, Caseolus bowdichianus, Geomitra del-
phinula a n d Leptaxis undata f r om M a d e i r a ( G o o d f r i e n d etal., 
1996) ( T a b l e 12) . A l t h o u g h d i f ferent s p e c i e s w e r e a n a l y s e d in 
e a c h s tudy, as a he l i c i d l and sna i l , Theba w o u l d b e e x p e c t e d to 
e p i m e r i s e at rates not m a r k e d l y d i f ferent to t hose of t he o ther 
spec ies . 
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Figure 8 Plots of first-order kinetics transformed D/L ratios of land snail shells of the Canary Archipelago eastern islands versus square root of t ime for 
isoleucine, aspartic ac id, phenylalanine and glutamic ac id. D-al le/L-l le: D-al loisoleucine/L-isoleucine; Asp: aspartic ac id; Phe: phenylalanine; G l u : 
glutamic acid 
of s a m p l e s f r o m a n in te r - labora to ry c o m p a r i s o n exe rc i se (cf. 
W e h m i l l e r , 1 9 8 4 ; To r res ef al., 1997) . T h e i s o l e u c i n e e p i m e r -
isat ion ( D - a l l e / L - l l e ) v a l u e s rang ing b e t w e e n 0 .45 a n d 1.1 
o b t a i n e d by I E - L C a re a p p r o x i m a t e l y 0 .10 l o w e r t han those 
o b t a i n e d b y G C in ou r labora to ry , i .e. D - a l l e / L - l l e G C = D - a l l e / 
L - l l e | E _ L C + c a . 0 .10 . For l o w e r D - a l l e / L - l l e v a l u e s , t h e differ­
e n c e is b e t w e e n 0 a n d 0 . 0 5 ; h o w e v e r , e v e n w h e n a l l o w i n g 
for this t r ans fo rma t i on , t he v a l u e s f r o m these loca l i t ies d o not 
c o i n c i d e e i ther . 
In t he c o m p a r i s o n w i t h M a l l o r c a , t h e l ack of c o r r e s p o n d e n c e 
shou ld be f o u n d in d i f f e rences in t he m e a n a n n u a l t e m p e r a ­
tures ( M A T ) of t he is lands ( T a b l e 13) , as r a c e m i s a t i o n / e p i m e r i -
sat ion is a t h e r m o - d e p e n d e n t p r o c e s s ; M i t t e re r (1975) o b s e r v e d 
that e p i m e r i s a t i o n rate d o u b l e s for e v e r y c a . 4 ° C i nc rease . 
M a l l o r c a has a M A T of 17.1 ° C , w h i l e t he eas te rn C a n a r y 
Is lands h a v e M A T s a r o u n d 1 9 . 5 ° C ( R i v a s - M a r t f n e z a n d R i v a s 
y S a e n z , 2005 ) ( T a b l e 13) . In fac t , H e a r t y ef al. (1986) f o u n d 
d i f fe rences in D - a l l e / L - l l e v a l u e s of as m u c h as 0.1 2 in m a r i n e 
Glycymeris she l ls f r om the last in te rg lac ia l b e t w e e n M a l l o r c a 
( D - a l l e / L - l l e ~ 0 . 3 7 ) , M o r o c c o ( D - a l l e / L - l l e ~ 0 . 4 6 ) a n d T u n i s i a 
( D - a l l e / L - i l e ~ 0 . 4 9 ) , w h i c h w e r e at t r ibuted to d i f ferent m e a n 
a n n u a l t e m p e r a t u r e s of 2 ° C . S i m i l a r l y , H e a r t y a n d K a u f m a n 
(2000) f o u n d d i f fe rences of 0 .12 in D - a l l e / L - l l e rat ios m e a s u r e d 
in oo l i t i c s a m p l e s of t he s a m e a g e ( M I S 5e) in is lands 7 0 0 km 
apar t in t he No r t h a n d S o u t h B a h a m a s , w h i c h w a s at t r ibuted 
to a w a r m i n g g rad ien t of 2 ° C b e t w e e n these is lands. L i k e w i s e , 
Table 12 Comparison of D-al le/L-i le values and age of different aeolian formations in Mediterranean and subtropical North Atlantic islands 
Locality D-al le/L-i le Age (ka BP) Technique Material Reference 
Canary Archipelago 0.40 ca. 23 G C Theba geminata & This paper 
Theba arinagae 
0.65 ca. 40 G C 
Canary Archipelago 0.50 ca. 38 IE-LC Helicella sp. Hi l la i re-Marcel et al. (1995) 
Mal lorca Island 0.35-0.40 ca. 125 IE-LC Helix sp. Hearty (1987) 
Bermuda Island 0.50-0.62 ca. 125 IE-LC Poecilozonites sp. Hearty ef al. (1992) 
Madeira Island 0.30 ca. 46 G C Actinella nitidiuscula, Caseolus Goodfriend et al. (1996) 
0.45 ca. 140 bowdichianus, Geomitra delphinula 
& Leptaxis undata 
Negev Desert 0.35 ca. 10 D A Trochoidea seetzeni & Sphincterochila sp. Goodfriend (1987a) 
G C : G a s chromatography; IE -LC : ion exchange liquid chromatography; D A : Diomedex amino acid analyser. 
Table 11 f-test analysis of the difference between the age means of the 
aminozones distinguished in the aeolian/palaeosol deposits from the 
Canary Islands. For comparison, the tabulated-f for a = 0.05 is 1.96 
and for a = 0.01 is 2.57 
Compared 
aminozones 
p-level d.f. f-value 
Am 7 vs. A m 8 <0.0001 258 6.067 
Am 6 vs. A m 7 <0.0001 338 4.447 
Am 5 vs. A m 6 <0.0001 402 9.312 
Am 4 vs. A m 5 <0.0001 306 6.209 
Am 3 vs. A m 4 <0.0001 142 10.063 
Am 2 vs. A m 3 <0.0001 122 6.528 
Am 1 vs. A m 2 <0.0001 126 5.372 
d.f.: degrees of freedom = N-\ + N2 — 2. N: sample size. 
First of a l l , th is d i s c r e p a n c y needs to be e x a m i n e d in t e rms of 
the t e c h n i q u e s e m p l o y e d for a m i n o a c i d a n a l y s i s , i .e. da ta f rom 
M a l l o r c a ( H e a r t y , 1987) a n d B e r m u d a ( H e a r t y ef al., 1992) 
w e r e o b t a i n e d w i t h i o n - e x c h a n g e l iqu id c h r o m a t o g r a p h y ( I E -
L C ) , w h e r e a s da ta f r o m the C a n a r y Is lands w e r e m e a s u r e d by 
gas c h r o m a t o g r a p h y ( G C ) . A s w e h a v e no t i ced (O r t i z ef al., 
2 0 0 5 ) , t he re a r e sl ight d i f f e rences b e t w e e n D - a l l e / L - l l e rat ios 
o b t a i n e d b y G C a n d by I E - L C . Th i s is b a s e d o n the ana l ys i s 
Table 13 Cl imatic parameters of different cl imatological stations (Rivas-Martfnez and Rivas y Saenz, 2005). Data from Beer Sheva and Madeira 
Island stations come from www.wor ldc l imate .com. The biocl imatic classification was established by Rivas-Martfnez et al. (2004) 




'c lo Biocl imatic classification 
Bermuda Islands Kind ley 32° 2 1 ' N 64° 4 1 ' W 21.7 1525 9.8 5.87 2598 Tropical pluvial 
Madeira Islands Madeira Island 33° 40' N 16° 89' W 18.5 640 6.7 2.39 2260 Temperate 
hyperoceanic 
submediterranean 
Mal lorca Island Palma Mal lorca 39° 33' N 2° 44' E 17.1 460 14.8 2.24 2050 Mediterranean 
pluviseasonal-oceanic 
Canary Islands Arrecife 28° 57' N 13° 33 ' W 20.2 139 7.2 0.57 2426 Mediterranean desertic 
(Lanzarote Island) oceanic 
Canary Islands Pto Rosario 28° 27' N 13° 52 ' W 19.9 110 7.0 0.46 2426 Mediterranean desertic 
(Fuerteventura Island) oceanic 
Canary Islands La O l i va 28° 36' N 13° 59' W 19.0 108 7.4 0.47 2285 Mediterranean desertic 
(Fuerteventura Island) oceanic 
Negev Desert, Beer Sheva 31° 23' N 34° 78' E 19.6 178 14.9 0.63 2800 Mediterranean desertic 
Israel oceanic 
F p : yearly positive temperature in tenths of 1 ° C , the sum of the monthly average temperature of those months whose average temperature is higher 
than 0 ° C . / c : continental ity index (yearly thermic interval = Tmix-Tmin) in ° C , the number expressing the range between the average temperatures of the 
warmest ( T m a x ) and coldest ( T m i n ) months of the year. I0: ombrothermic index. I0 = (Pp/7~p) x 10. P p is the yearly positive precipitation (in mm), that is, 
the total average precipitation of those months whose average temperature is higher than 0 ° C . 
G o o d f r i e n d a n d M i t te re r (1988) f o u n d d i f f e rences in D - a l l e / L -
lle rat ios of s a m p l e s w i t h t he s a m e a g e ( c a . 3 0 ka) in t w o l o c a l ­
it ies in J a m a i c a ( D - a l l e / L - l l e — 0 .25 for C o c o site s a m p l e s ; D -
a l l e / L - l l e — 0.51 for G r e e n G r o t t o site s a m p l e s ) , w h i c h w e r e 
at t r ibuted to a 4 ° C t e m p e r a t u r e d i f f e rence b e t w e e n the t w o 
sites. 
N o t o n l y t e m p e r a t u r e but mo is tu re ( ra in fa l l rate) has to be 
c o n s i d e r e d in o rde r to e x p l a i n t h e d i f f e rences f o u n d b e t w e e n 
B e r m u d a , M a d e i r a a n d the C a n a r y I s lands , i.e. t he r a c e m i s a -
t i on /ep imer i sa t i on rate is not t he s a m e at sites w i t h t he s a m e 
M A T , but l oca ted e i ther in deser t a reas o r in p l u v i a l reg ions , 
b e c a u s e the e f fec t i ve inso la t ion v a r i e s ( S c h m i d t - N i e l s e n 
etal., 1971) . 
S tud ies p e r f o r m e d in t he N e g e v deser t , I s rae l , i l lustrate this 
( G o o d f r i e n d , 1 9 8 7 a , 1992) . T h e M A T of t he N e g e v ( 1 9 . 6 ° C ) 
suggests that s im i la r a n d l o w e r D - a l l e / L - l l e v a l u e s m e a s u r e d 
in land sna i ls s h o u l d b e e x p e c t e d in M a d e i r a ( 1 9 ° C ) a n d 
B e r m u d a ( 2 1 . 7 ° C ) , r espec t i ve l y ( T a b l e 13) . H o w e v e r , t he e p i -
mer i sa t ion rat ios o b t a i n e d in l and snai ls f r o m the N e g e v deser t , 
w i t h a M A T of 19.6 ° C a n d l o w ra infa l l rates (1 78 m m y r ~ 1 ) , a re 
m u c h h igher (cf. G o o d f r i e n d , 1987a ) t h a n o n the t w o is lands 
( T a b l e 11) . In th is c a s e , D - a l l e / L - l l e v a l u e s of 0 .35 w e r e 
o b s e r v e d in loca l i t ies da ted at c a . 1 O k a B P , w h i c h a p p r o a c h 
those o b s e r v e d in t he C a n a r y Is lands ( D - a l l e / L - l l e = 0 .40 for 
2 3 k a B P ) . F u r t h e r m o r e , G o o d f r i e n d (1992) s h o w e d that the 
aspar t ic a c i d r a c e m i s a t i o n rate in gas t ropods f r o m the N e g e v 
Dese r t w a s m u c h h igher t h a n in l and sna i ls f r om M a d e i r a . 
Th is e x p l a i n s w h y the r a c e m i s a t i o n / e p i m e r i s a t i o n rat ios of 
M a d e i r a , B e r m u d a a n d M a l l o r c a c a n n o t b e d i r e c t l y c o m p a r e d 
w i t h C a n a r y I s l and rat ios. T h e l o c a t i o n of t h e eas te rn C a n a r y 
A r c h i p e l a g o ( b e t w e e n 2 8 ° a n d 3 0 ° N ) , c l o s e to t h e c o a s t of 
A f r i c a , is i n f l u e n c e d b y t h e c o l d C a n a r y C u r r e n t a n d S a h a r a 
deser t w i n d s , w h i c h r e d u c e p r e c i p i t a t i o n a n d c a u s e h igh 
t e m p e r a t u r e s , e q u i v a l e n t to t hose r e c o r d e d in t he w e s t e r n 
S a h a r a D e s e r t . In fac t , t h e N e g e v dese r t a n d t h e C a n a r y A r c h i ­
p e l a g o b e l o n g to t h e s a m e b i o c l i m a t i c reg ion ( M e d i t e r r a n e a n 
d e s e r t i c - o c e a n i c ) , w h i l e B e r m u d a i s t r o p i c a l p l u v i a l , M a l l o r c a 
is M e d i t e r r a n e a n p l u v i s e a s o n a l - o c e a n i c a n d M a d e i r a is 
t e m p e r a t e h y p e r o c e a n i c s u b - M e d i t e r r a n e a n ( T a b l e 1 3 ; 
R i v a s - M a r t f n e z ef al., 2 0 0 4 ) . 
D i v e r s e s tudies c o r r o b o r a t e t he va l i d i t y of ou r results. T h e r e 
is c l o s e c o r r e s p o n d e n c e w i t h t he da t i ng of s o m e v o l c a n i c rocks 
( m a i n l y basal ts) o v e r l a i d by a e o l i a n depos i ts . T h e basa l t i c l ava 
f l o w s f r o m A l e g r a n z a a n d M o n t a n a C l a r a a n d s o m e of t he La 
G r a c i o s a islets a re l i nked to U p p e r P l e i s t o c e n e a n d H o l o c e n e 
e rup t ions (F ig . 1 ; D e L a N u e z etal., 1997 ; A n c o c h e a etal., 
2004 ) . S i m i l a r l y , t he v o l c a n i c rocks that c r o p ou t in t he north 
of F u e r t e v e n t u r a a n d L a n z a r o t e i s lands a r e P l e i s t o c e n e . In fact , 
the basal ts that c r o p ou t in t he nor th of F u e r t e v e n t u r a ( F i g . 1), 
w h i c h const i tu te t he bo t t om of t he M o n t a n a d e la Cos t i l l a 
( F M C ) a n d B a r r a n c o d e los E n c a n t a d o s ( F B E ) s t ra t igraphic s e c ­
t ions , w e r e da ted as y o u n g e r t h a n 51 ka B P ( P o m e l ef al., 1 985) 
a n d o l d e r t h a n 35 ka B P ( P e t i t - M a i r e ef al., 1 986 ) . Th i s m e a n s 
that a e o l i a n depos i t s o v e r l y i n g t hese rocks a re y o u n g e r a n d , 
c o n s e q u e n t l y , t he ages o b t a i n e d in o u r resea rch a re c o h e r e n t . 
L i k e w i s e , D e La N u e z etal. (1997) da ted the ra ised m a r i n e 
depos i ts f r om L a G r a c i o s a Islet (0 to + 0 . 5 m a b o v e sea l eve l ) , 
o b t a i n i n g H o l o c e n e a n d U p p e r P l e i s t o c e n e ages . S o m e of t h e m 
are i n t e rbedded w i t h t he a e o l i a n depos i t s , as in t he C a l e t a de l 
S e b o sec t i on . L i m p e t she l ls (Patella sp.) r e c o v e r e d f r o m a n c i e n t 
m a r i n e depos i t s b e l o w b e d G C S - 1 p r o v i d e d a r a d i o c a r b o n age 
of 2 8 . 7 ± 0 . 4 k 1 4 C y r B P ( D e La N u e z etal., 1997) . 
O u r results a re a lso cons is ten t w i t h ear l i e r s tudies of the 
a e o l i a n / p a l a e o s o l f o rma t i ons ( T a b l e 14) , e s p e c i a l l y t hose of 
H i l l a i r e - M a r c e l l ef al. (1995) p e r f o r m e d in t he T e g u i s e 
c o m p o s i t e s e c t i o n , l o ca ted in t he nor th of L a n z a r o t e , us ing 
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of c a . 0 .50 o b t a i n e d (by I E - L C ) in Helicella ( H e l i c i d a e ) land 
sna i ls , t he ages c a l c u l a t e d a re c a . 38 ka. In fac t , t he s u c c e s s i o n 
of a e o l i a n depos i t s a n d p a l a e o s o l s f r o m th is sec t i on co r re la te 
w i t h s o m e of t he a m i n o z o n e s es tab l i shed in th is pape r . A s 
the da t ings of t he T e g u i s e p a l a e o s o l s a re 1 4 C - a g e s a n d as a co r ­
rec t ion n e e d s to be a p p l i e d to t rans fo rm t h e m into ca l i b ra ted 
y e a r s (see T a b l e 6 for c o m p a r i s o n ) , p a l a e o s o l s 1 to 4 f r o m this 
sec t ion c a n b e i n c l u d e d w i t h i n A m i n o z o n e 2 , p a l a e o s o l s 5 a n d 
6 c a n b e g r o u p e d into A m i n o z o n e 3 , a n d , f i na l l y , p a l a e o s o l 7 
c a n b e i n c l u d e d in A m i n o z o n e 4 . 
S o m e of ou r a m i n o z o n e s migh t b e recogn i sed in o ther s e c ­
t ions f rom F u e r t e v e n t u r a ( T a b l e 14) , da ted by P e t i t - M a i r e et al. 
( 1986 ) , D a m n a t i ef al. (1996) a n d M e c o ef al. (1 997 ) . A l t h o u g h 
m a n y of t hese da ta c o m e f r o m t h e r a d i o c a r b o n da t i ng of ter res­
tr ial gas t ropods , w i t h s t rong ha rd w a t e r ef fects requ i r ing c o r r e c ­
t i o n , e s p e c i a l l y in t he y o u n g e s t o n e s , a n d t h e n t rans fo rmat ion 
into c a l i b r a t e d ages , t hese da tes c o i n c i d e w i t h t he results 
o b t a i n e d in this paper . 
A m i n o a c i d g e o c h r o n o l o g y of t he M o n t a n a d e la Cos t i l l a 
sec t ion ( F u e r t e v e n t u r a I s land) , a l so n a m e d the R o s a N e g r a s e c ­
t ion by o ther au tho rs , co r robo ra tes the r a d i o c a r b o n ages 
o b t a i n e d b y M e c o ef al. ( 1 9 9 7 ) , but not t hose o b t a i n e d w i t h 
o p t i c a l l y s t imu la ted l u m i n e s c e n c e ( O S L ) by B o u a b a n d 
L a m o t h e ( 1 9 9 7 ) , us ing in f rared s t imu la t ion of po tass ic fe ldspars 
( 1 8 1 ± 2 7 k a , 1 8 3 ± 2 7 k a a n d 3 1 8 ± 4 5 k a ) . P r o b a b l y the 
assump t i on that t hese sed imen ts w e r e z e r o e d d u r i n g t ranspor t 
( B o u a b a n d L a m o t h e , 1 997) w a s not co r rec t at a l l , as the i r ages 
w e r e a n o m a l o u s l y o l d . In fac t , a c c o r d i n g t o P o m e l ef al. (1985) 
a n d P e t i t - M a i r e ef al. ( 1 9 8 6 ) , a e o l i a n depos i t i on started in this 
a rea not be fo re 51 k a B P , but after 3 5 k 1 4 C y r B P . 
L a n d sna i ls f r o m di f ferent ho r i zons of t he M a l a sec t ion 
( L a n z a r o t e Is land) w e r e U / T h d a t e d at c a . 9 5 , 138 , 2 3 5 a n d 
> 3 5 0 k a ( S h i m m i e l d , in M e c o ef al., 1997 ) , in c l e a r v a r i a n c e 
f rom ou r da ta . O w i n g to t he c o n s i s t e n c y o b s e r v e d b e t w e e n 
the D /L rat ios m e a s u r e d in gas t ropods f rom t h e M a l a sec t ion 
a n d those f r o m o ther loca l i t i es , t he b a d fit b e t w e e n U / T h ages 
a n d s t ra t igraphy (cf. M e c o ef al., 1997) a n d the p r o b l e m s 
regard ing re l iab i l i ty of U / T h da t i ng of m o l l u s c s ( K a u f m a n 
ef al., 1 9 7 1 , 1996 ) , e s p e c i a l l y f r om p a l a e o s o l s , it s e e m s that 
the ea r l i e r ages w e r e w r o n g a n d that t he M a l a sec t ion t i m e s p a n 
runs b e t w e e n c a . 4 0 a n d 29 ka B P . 
O u r da ta a re in a g r e e m e n t w i t h D e L a N u e z ef al. ( 1997 ) , 
w h o d e f i n e d f i ve d u n e - f o r m a t i o n e p i s o d e s for t he C h i n i j o 
A r c h i p e l a g o ( E D - I to E D - V ) . T h e a e o l i a n depos i t s of t he first 
e p i s o d e ( E D - I ) a re l oca ted a b o v e basa l t i c f l o w s a n d sands tones 
f rom M I S 5 a n d , a c c o r d i n g to D e L a N u e z ef al. (1 9 9 7 ) , c o u l d 
b e l o n g to M I S 3 . T h e r e m a i n i n g e p i s o d e s ( E D - I I to E D - V ) w e r e 
da ted at c a . 37 k 1 4 C y r B P , 30 k 1 4 C y r B P , 15 k 1 4 C y r B P a n d 
11 k 1 4 C y r B P respec t i ve l y . A l l t hese d u n e - f o r m a t i o n ep i sodes 
co r re la te w i t h t he a m i n o z o n e s d e f i n e d here ( T a b l e 14). 
S i n c e a e o l i a n depos i t s a c c u m u l a t e d d u r i n g ar id phases a n d 
p a l a e o s o l s d e v e l o p e d d u r i n g h u m i d pe r i ods ( P e t i t - M a i r e ef al., 
1 9 8 6 , 1 9 8 7 ; R o g n o n a n d C o u d e - G a u s s e n , 1988 , 1996a ; 
D a m n a t i ef al., 1 9 9 6 ; D a m n a t i , 1997 ; D e La N u e z ef al., 
1 9 9 7 ) , c l o s e c o r r e s p o n d e n c e is f o u n d b e t w e e n the d u n e fo rma­
t ion e p i s o d e s of t he eas te rn C a n a r y Is lands a n d t h e c l i m a t e va r ­
ia t ions ac ross No r t h A f r i c a . A t least f i ve a l te rna t ions of d ry / 
h u m i d e p i s o d e s h a v e b e e n in ferred f r o m the a m i n o a c i d r a c e -
m isa t ion ages o b t a i n e d in gas t ropods f r o m t h e eas te rnmos t 
is lands a n d islets of t he C a n a r y A r c h i p e l a g o p r e c e d i n g the Last 
G l a c i a l M a x i m u m ( 2 3 - 1 8 k a B P ) . S i m i l a r l y , a r id p h a s e s , fo l ­
l o w e d b y h u m i d pe r i ods w i t h ab rup t t rans i t ions , o c c u r r e d in 
No r t h A f r i c a f rom 5 0 to 23 ka B P ( G a s s e (2000) a n d re fe rences 
the re in ) , w h i c h , in the i r o p i n i o n , c a n n o t b e d i rec t l y at t r ibuted 
to orb i ta l fo rc ing . 
Af ter t he Last G l a c i a l M a x i m u m ( L G M ) , t w o s ign i f icant a r i d -
h u m i d t rans i t ions h a v e b e e n d o c u m e n t e d at c a . 1 5 k a a n d 
11 k a B P across A f r i c a (St reet -Per ro t t a n d Perro t t , 1 9 9 0 ; G a s s e 
ef al., 1990 ; T a l b o t a n d J o h a n n e s s e n , 1 9 9 2 ; G a s s e a n d V a n 
C a m p o , 1994) . D u r i n g the H o l o c e n e , m a j o r d ry spe l ls took 
p l a c e a r o u n d 8 . 4 - 8 a n d 4 . 2 - 4 ka B P (Ta lbo t ef al., 1 9 8 4 ; G a s s e 
ef al., 1990 ; S t ree t -Per ro t t ef al., 1 9 9 0 ; L a m b ef al., 1 9 9 5 ; 
H o l m e s ef al., 1999) . T h r e e of t hese phases of a r id i f i ca t ion 
( ca . 1 5 , 11 a n d 4 k a B P ) c o i n c i d e w i t h t he age of t he d u n e -
fo rma t ion e p i s o d e s d o c u m e n t e d by A m i n o z o n e s 6, 7 a n d 8 
in t he eas te rn C a n a r y Is lands a n d Islets. H o w e v e r , in o u r studies 
w e d id not f ind the c a . 8 ka d u n e - f o r m a t i o n e p i s o d e , as r e c o g ­
n ised e l s e w h e r e in t he C a n a r y A r c h i p e l a g o ( P e t i t - M a i r e ef al., 
1987 ; D a m n a t i ef al., 1996) . 
S tud ies of a e o l i a n depos i t s f r om the S a h a r a ( S w e z e y , 2001) 
s h o w s imi la r resul ts, w h i c h c o i n c i d e w i t h a t m o s p h e r i c a n d 
o c e a n i c c h a n g e s . M o r e o v e r , ou r results c a n b e c o m p a r e d w i t h 
the reco rd of L a k e B o s u m t w i ( G h a n a ) , w h i c h l ies in t he path of 
the seasona l m ig ra t ion of t he in ter t rop ica l c o n v e r g e n c e z o n e 
( I T C Z ) a n d , t he re fo re , is i dea l l y l oca ted for t he s tudy of m o n ­
soon va r iab i l i t y in W e s t A f r i c a (cf. P e c k ef al., 2 0 0 4 ) . A m i n o ­
z o n e s 5 , 6 a n d 7 co r re la te w i t h t he e p i s o d e s of h igh 
c o n c e n t r a t i o n s of h i g h - c o e r c i v i t y i ron su l f ide m a g n e t i c m ine r ­
als da ted at c a . 1 2 . 5 , 17.3 a n d 22 .6 k a B P of L a k e B o s u m t w i , 
w h i c h ref lect e p i s o d e s of i n c r e a s e d a e o l i a n dust t ranspor t f rom 
the S a h e l . A c c o r d i n g t o P e c k ef al. ( 2004 ) , pe r i ods of i n c r e a s e d 
reg iona l ar id i ty a n d greater dust f lux ou t of t he S a h e l sou rce 
reg ions w e r e c a u s e d b y a s o u t h w a r d m o v e m e n t of t he I T C Z 
a n d w e a k e n e d m o n s o o n st rength, w h e r e a s h u m i d pe r iods 
a n d , c o n s e q u e n t l y , l o w e r dust f luxes w e r e l i nked to stronger 
m o n s o o n ac t i v i t y w h e n the I T C Z m o v e d n o r t h w a r d s . S i m i l a r l y , 
the d ry e v e n t s w h i c h p r o d u c e d the a c c u m u l a t i o n of C a n a r y 
Is lands a e o l i a n depos i t s b e l o n g i n g to A m i n o z o n e s 1 a n d 2 co r ­
re late w i t h t h e t rans i t ions b e t w e e n 1 2 to 11 a n d 9 to 8 D a n s -
g a a r d / O e s c h g e r E v e n t s , in terpre ted f rom the o x y g e n iso tope 
rat ios of c a l c i t e in a s ta lagmi te f o u n d o n S o c o t r a Is land ( Y e m e n , 
w e s t e r n I nd ian O c e a n ) ( B u r n s ef al., 2 0 0 3 ) . C l e a r l y , t he s ta lag­
mi te f r o m S o c o t r a is a c o n t i n u o u s r e c o r d , w h e r e a s the C a n a r i e s 
d u n e s a n d p a l a e o s o l s a re d i s c o n t i n u o u s . T h u s , s im i la r pat terns 
are o b s e r v e d in t he b e h a v i o u r of p a l a e o m o n s o o n s in W e s t 
A f r i ca a n d in East A f r i c a - I n d i a (cf. G a s s e , 2000 ; M o r e n o ef al., 
2 0 0 1 ; B u r n s ef al., 2 0 0 3 ) . Th is s y n c h r o n e i t y suggests that a 
g loba l f o r c i ng m e c h a n i s m c a u s e d c h a n g e s in A f r i c a n a n d 
Ind ian m o n s o o n ac t i v i t y a n d con t ro l l ed the a r i d / h u m i d 
c h a n g e s d o c u m e n t e d in t h e C a n a r y Is lands a n d N o r t h A f r i c a , 
at least d u r i n g the last 5 0 k a B P . T h e r e f o r e , t he rap id d ry ings 
of N o r t h A f r i c a c a n n o t be e x p l a i n e d o n l y in t e rms of i n te rna l , 
m a i n l y r e g i o n a l , v e g e t a t i o n - a t m o s p h e r e f e e d b a c k s in the 
c l i m a t e s y s t e m , b e c a u s e the t i m i n g of t hese e v e n t s d e p e n d s 
o n the state of t he g loba l c l i m a t e sys tem ( G a s s e , 2 0 0 0 ) . In fact , 
a c c o r d i n g to B u r n s ef al. ( 2003 ) , t he re is a s t rong c o n n e c t i o n 
b e t w e e n the c l i m a t e of t he t rop i ca l East A f r i c a reg ion a n d the 
Ind ian O c e a n ( m o n s o o n ac t iv i t y ) a n d t e m p e r a t u r e va r i a t i ons in 
the N o r t h A t l an t i c reg ion . 
A g r e e i n g w i t h c o n c l u s i o n s of P e c k ef al. ( 2 0 0 4 ) , M o r e n o 
ef al. (2001) s h o w e d that inso la t ion c h a n g e s d u r i n g t h e P le i s to ­
c e n e p l a y e d an impor tan t ro le in m o d u l a t i n g dust supp l y w i t h i n 
the C a n a r y B a s i n , w i t h a r i d - h u m i d s c e n a r i o s at t r ibuted to 
c h a n g e s in t he strength of p a l a e o m o n s o o n ac t i v i t y (F ig . 9) . D u r ­
ing ' a r i d ' e p i s o d e s , p a l a e o m o n s o o n w i n d s w e r e e n h a n c e d a n d 
the t rade w i n d s ( f l o w i n g in an eas te r l y d i rec t i on a l o n g the 
ent i re coast ) w e r e in tens i f ied , c a u s i n g the t ranspor t of a e o l i a n 
mater ia ls f r o m a no r thwes t A f r i c a n s o u r c e , w h i l e t he S a h a r a n 
A i r L a y e r b e c a m e less in tense . O n the con t ra ry , du r i ng ' h u m i d ' 
e p i s o d e s , t he p a l a e o m o n s o o n s m a y h a v e b e c o m e w e a k e r , 
w h i c h w o u l d h a v e c a u s e d a m a j o r i n f l u e n c e of t he S a h a r a n 
w i n d s o n t h e C a n a r y A r c h i p e l a g o , assoc ia ted w i t h t he nor th -
tu rn ing of par t of t he S a h a r a n A i r L a y e r ( R a l t m e y e r ef al., 
1999) . D u r i n g these e p i s o d e s , a e o l i a n a c c u m u l a t i o n w a s 
Figure 9 Inferred cl imate scenarios (modified from Nicholson (1996) and Moreno ef al., 2001) for the (A) humid episodes and (B) arid episodes in 
Africa. Black arrows represent the monsoon winds; weaker winds are plotted by dashed arrows. During 'humid ' episodes, monsoon winds were 
enhanced and trade winds, wh ich turn to be more easterly directions on the entire coast, were intensified wh ich resulted in the transport of materials 
from a northwest African source, whi le the Saharan Air Layer becomes less intense. O n the other hand, during 'ar id ' episodes, the monsoons became 
weaker producing a major influence of the Saharan winds in the Canary Archipelago by a north-turning part of the Saharan Air Layer. The location of 
the Canary Archipelago ( C A . ) is represented by a black dot 
p r o d u c e d b y wes t - to -eas t o r sou thwes t - to -no r theas t w i n d s that 
ca r r i ed b iodet r i ta l sands f rom e m e r g e d con t i nen ta l she l ves 
on to the land ( R o g n o n a n d C o u d e - G a u s s e n , 1 9 8 8 , 1996b) . 
T y p i c a l l y , a r id pe r iods c o i n c i d e d w i t h c o l d e v e n t s , w h i l e 
i nc reas ing mo is tu re ( ra infa l l ) coex i s ted w i t h w a r m phases 
( G a s s e , 2 0 0 0 ; P e c k ef al., 2 0 0 4 ) . 
T h e 2 5 0 ka long m a r i n e records s tud ied by M o r e n o ef al. 
(2001) suggest that inso la t ion c h a n g e s re la ted to e c c e n t r i c i t y 
a n d p recess i on a re t h e m a i n fo rc ing m e c h a n i s m s for this 
reg ion . H o w e v e r , t he re c o u l d b e o ther m e c h a n i s m s to e x p l a i n 
the shor ter c y c l e s of d u n e / p a l a e o s o l f o rma t ions . T h e m o n s o o n 
reac t i va t i ons led to a m o d e r a t e mo is tu re ( ra infa l l ) r ise. T h e s e 
e v e n t s h a v e a l r e a d y b e e n a s s o c i a t e d w i t h t he ab rup t t e m p e r a ­
ture c h a n g e s in G r e e n l a n d i ce c o r e s at t he onse t of t he B o i l i n g 
a n d P r e b o r e a l pe r i ods , a n d w i t h t h e s w i t c h to t he m o d e r n 
m o d e of N o r t h A t l a n t i c d e e p - w a t e r p r o d u c t i o n (St reet -Per ro t t 
a n d Perro t t , 1 9 9 0 ; G a s s e a n d V a n C a m p o , 1 9 9 4 ; G a s s e , 2000 ) . 
T h e c a u s e s of t he ab rup t H o l o c e n e e v e n t s a r e not k n o w n 
( G a s s e , 2 0 0 2 ) . S o m e au thors suggested a d e c r e a s e in No r t h 
A t l an t i c t h e r m o h a l i n e c i r c u l a t i o n a r o u n d 8.2 ka B P c a u s e d 
by a n i n c r e a s e in f r eshwa te r f lux to t he No r t h A t l an t i c ( A l l e y 
ef al., 1997 ) , w h e r e a s G a s s e a n d V a n C a m p o (1 994) no ted that 
t he w e a k m o n s o o n e p i s o d e s a r o u n d 8 a n d 4 ka B P rough ly 
c o i n c i d e w i t h d e c r e a s e s in N o r t h A t l a n t i c sea su r face t e m p e r a ­
ture a n d sur face sa l in i ty . T h e a n t i p h a s e b e t w e e n rainfal l 
c h a n g e s in Equa to r i a l W e s t A f r i c a a n d in t he A m a z o n m a y 
ref lect c h a n g e s e i ther in W a l k e r c i r c u l a t i o n a n d E N S O p h e ­
n o m e n a o r in H a d l e y c i r c u l a t i o n , e .g . a s t reng then ing of the 
nor thern t r ade w i n d s at c a . 4 ka B P b r ing ing d ry w e a t h e r . In 
a n y c a s e , t he w o r l d w i d e i m p a c t of t hese e v e n t s imp l i es that 
rap id c h a n g e s in t he w a t e r c y c l e in A f r i c a a re the express ion 
of g l oba l c l i m a t e reo rgan isa t ion ( G a s s e , 2002 ) . 
A c c o r d i n g to t he am inos t ra t i g raph i c a n d a m i n o c h r o n o l o g i -
ca l da ta repor ted in this p a p e r , t he e v e n t s of a e o l i a n depos i t i on 
be fo re a n d after t he L G M took p l a c e w i t h a c y c l i c i t y last ing 
b e t w e e n f i ve a n d s e v e n m i l l e n n i a . It is poss ib le that t he d e p o s i ­
t ion of d u n e s a n d p a l a e o s o l f o rma t i on c o u l d b e re la ted to va r ­
ia t ions in so lar r ad ia t i on , w h i c h m a y h a v e f o r c e d c l i m a t e 
c h a n g e s ( E d d y , 1 9 8 2 ; R a s p o r o v ef al., 1998) . 
In ou r c a s e , t he a e o l i a n - p a l a e o s o l c y c l e s , w i t h a pe r i od i c i t y 
of b e t w e e n f i ve a n d s e v e n m i l l e n n i a , c o u l d b e in terpre ted as 
b e i n g the exp ress ion of mu l t i p les of t he so lar ac t i v i t y c y c l e of 
a b o u t 2.4 ka (cf. H o o d a n d J i r i k o w i c , 1991 ) , w h i c h , a c c o r d i n g 
to C h a r v a t o v a ( 2 0 0 0 ) , is p r o b a b l y l i nked to so lar inert ia l 
m o t i o n . In t he v i e w of D e r g a c h e v a n d C h i s t i a k o v (1998 ) , th is 
2.4 ka so lar c y c l e i n c l u d e s th ree parts rough l y e q u a l in du ra ­
t ion : a p h a s e of h igh ac t i v i t y ( c l i m a t i c o p t i m u m ) , a p h a s e of 
dep ress ion ( c o l d cond i t i ons ) a n d a p h a s e of m o d e r a t e ac t i v i t y 
( t empera te c l ima te ) . 
Conclusions 
T h e first a m i n o c h r o n o l o g i c a l a n d am inos t ra t i g raph i ca l results 
of Q u a t e r n a r y a e o l i a n / p a l a e o s o l depos i t s f r o m the eas te rn 
is lands ( F u e r t e v e n t u r a a n d Lanza ro te ) a n d islets ( L a G r a c i o s a , 
M o n t a n a C l a r a a n d A l e g r a n z a ) of t he C a n a r y A r c h i p e l a g o 
c a m e f rom ana l ys i s of Theba she l ls . T h e s tudy f o c u s e d o n four 
a m i n o a c i d s , i s o l e u c i n e , aspar t i c a c i d , p h e n y l a l a n i n e a n d g l u ­
t a m i c a c i d , b e c a u s e of t he h igh co r re la t i on coef f i c ien ts 
b e t w e e n the i r D / L rat ios. T h e a g e c a l c u l a t i o n a lgo r i t hms of 
these a m i n o a c i d s w e r e a lso es tab l i shed a n d the f o l l o w i n g 
w e r e c h o s e n : t he f i rs t -order - revers ib le k ine t i c ( F O K ) t ransfor­
m a t i o n of t h e D / L rat ios ve rsus the square root of t i m e for aspar ­
t ic a c i d , t h e un t rans fo rmed D / L rat ios ( A P K ) ve rsus the square 
root of t i m e for p h e n y l a l a n i n e a n d g l u t a m i c a c i d , a n d the 
un t rans fo rmed D / L rat ios ( A P K ) ve rsus t i m e for i s o l e u c i n e . W i t h 
the a id of t hese a lgo r i t hms , a g e es t imates of t he a e o l i a n d e p o s ­
its f r om the is lands w e r e c a l c u l a t e d . 
Eight a m i n o z o n e s , represen t ing e p i s o d e s of d u n e f o r m a t i o n , 
w e r e es tab l i shed : A m i n o z o n e 1 (48 .6 ± 6.4 ka B P ) , 2 ( 4 2 . 5 ± 
6 . 0 k a B P ) , 3 ( 3 7 . 8 ± 4 . 6 k a B P ) , 4 ( 2 9 . 4 ± 4 . 8 k a B P ) , 5 ( 2 2 . 4 ± 
4 .5 k a B P ) , 6 (14.9 ± 3 . 6 k a B P ) , 7 (11.0 ± 4 . 0 ka B P ) a n d 8 
(5.4 ± 1 . 1 k a B P ) . 
T h e s e a n d p r e v i o u s results s h o w that a e o l i a n / p a l a e o s o l 
depos i ts a c c u m u l a t e d b e t w e e n M I S 1 a n d 3 d u r i n g ar id p h a s e s , 
w i t h a r e c u r r e n c e pe r i od of 5 - 7 ka , w h i c h s topped w h e n c o n ­
d i t ions p r o d u c e d h igher e f fec t i ve e n v i r o n m e n t a l mo is tu re a n d 
soi l f o rma t i on . 
S y n c h r o n e i t y w i t h t he p a l a e o c l i m a t e in A f r i c a (F ig . 9) w a s 
o b s e r v e d , suggest ing that a g loba l f o r c i ng m e c h a n i s m (not 
re la ted to orb i ta l fo rc ing) con t ro l l ed the c l i m a t e c h a n g e s in 
the C a n a r y Is lands a n d N o r t h A f r i c a at least d u r i n g the last 
50 k a B P . Th i s c o u l d be l i nked to p a l a e o m o n s o o n ac t i v i t y , 
w h i c h c a u s e d p r e d o m i n a n c e of t rade w i n d s d u r i n g h u m i d 
phases a n d of S a h a r a n w i n d s d u r i n g ar id ep i sodes . 
T h e s e a e o l i a n c y c l e s w i t h a pe r i od i c i t y of f i ve to s e v e n m i l ­
l enn ia m igh t b e in terpre ted as b e i n g the express ion of mu l t ip les 
of t he ~ 2 . 4 k a so lar c y c l e in con t i nen ta l sed imen ts . 
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